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Summary

This thesis studies two aspects of polynomial interpolation theory. The first part
sets forth explicit formulas for the coefficients of polynomial interpolants to implicit
functions. A formula for the higher-order derivatives of implicit functions appears as
a limiting case of these formulas. The second part delves into certain configurations of
points in space — generalized principal lattices — that are well suited as interpolation
points. Applying the theory of real algebraic curves then allows the construction of
many new examples of such configurations.
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CHAPTER

Introduction to polynomial interpolation

It is an old problem in mathematics to estimate the value of a function at certain
points from known values at other points. In classical times, such methods were used
to construct tables with values of complicated functions, like the logarithm, trigono-
metric functions, and more recently statistical density functions. These lookup tables,
as they are now called, had a wide range of practical applications, from computations
in celestial mechanics to nautical navigation.

More generally, the process of reconstructing a curve, surface, or any other geometric
object from certain known data is called interpolation, a word that is derived from the
Latin word interpolare which means “to refurbish” or “to patch” [76]. In the context
of mathematics, the word interpolation was used by J. Wallis as early as 1655 [2,83].

These days, applications range over many different fields of pure and applied math-
ematics. Besides the evaluation of transcendental functions mentioned above, interpo-
lation theory finds applications in numerical differentiation, numerical integration of
differential equations, typography, and the computer-aided geometric design of cars,
ships, and airplanes.

In some sense, polynomials are the simplest type of interpolants to work with, as
their definition only involves a finite number of additions, subtractions, and multiplica-
tions. The fact that polynomial interpolants can suffer from Runge’s phenomenon (see
Figure 1.1) [30,69] has given them a slightly bad reputation. Their simplicity, however,
makes them perfectly suitable to be used as the building blocks of other interpolating
functions with better behaviour.

A highly popular example are the splines, which are defined piecewise by polyno-
mials. These functions can avoid Runge’s phenomenon, have good convergence, can be
evaluated accurately, and are flexible with respect to manipulation of the data. After
splines were used for the first time by Schoenberg in 1946 for the purpose of approxi-
mating functions [70-72], the literature on splines has grown to a vast theory that is
very popular in the industry.

Another example is that of blending interpolants, where local interpolants are com-
bined into a single global interpolant. A classical case of this is Shepard’s method [73],
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Figure 1.1: The figure shows fourth order (drawn dashed) and eighth order (drawn
dotted) polynomial interpolants to the Runge function f(z) = H—# (drawn solid) at
equidistant data points in the interval [-5,5]. The Runge phenomenon describes the
peculiarity that the higher the degree of the interpolating polynomial, the more wildly it
oscillates at the boundary of the interpolation interval (and therefore the more it differs

from f in the supremum norm).

where a global interpolant at a point = is formed by taking weighted linear combina-
tions of known values {y;} at the data points {z;}, the weights being the reciprocals
of some distance function between z and the {z;}. More recently, Floater and Hor-
mann showed how weighted linear combinations of polynomial interpolants give rise to
(a family of) rational interpolants that admit a barycentric form, have a high rate of
approximation, and are without real poles [34].

This thesis discusses a few known results, and several new results, in polynomial in-
terpolation theory. This chapter introduces some of the basic concepts in interpolation
theory, while preparing for the material of the other chapters. Each of the next two
chapters comprises a paper, one accepted for publication by Mathematics of Computa-
tion and the other ready for submission, on formulas for divided differences of implicit
functions. While the presentation of the first paper was discussed in detail with my
co-author Prof. Michael Floater, I developed and drafted both papers. A formula for
the higher-order derivatives of implicit functions appears as a limiting case of these
formulas. Insofar as the number of terms in these formulas describes a previously un-
known pattern, I published these sequences in The On-Line Encyclopedia of Integer
Sequences. The final chapter shows explicitly how algebraic curves of a certain type
give rise to generalized principal lattices in higher-dimensional space, yielding many
new examples of such meshes.

1.1 Univariate polynomial interpolation

In this section we introduce polynomial interpolation in its simplest form, namely as the
study of interpolating polynomials on the real line. Already in this case, we encounter
several important notions needed in the following chapters.

Suppose that we are given n + 1 distinct real numbers zy < 1 < -+ < x,, which
we refer to as the data points, and corresponding real numbers fy, fi, ..., fa, called the
(data) values. We wish to find a function p that passes through these points, in the
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Figure 1.2: The figure shows points (zo, fo), (1, f1), ..., (Zn, fn) in the plane together
with an interpolating function p.

sense that
p(zi) = fi, fori=0,1,...,n. (1.1)

This univariate interpolation problem is shown geometrically in Figure 1.2.

Let II,, be the vector space of univariate polynomials with real coefficients and of
degree at most n. If we require p € II,,, then any polynomial p(z) = ag+ayz+- - - +a,z"
satisfies (1.1) if and only if it satisfies the linear system

1z -+ zg| |ao fo
Loy 2} |m fi

) = | (1.2)
1 Ty vt IZ an, fn

The above matrix is a Vandermonde matriz, and, by induction on n, its determinant
can be shown to be H0§i<j§n(xj —x;). Aslong as the data points are distinct, therefore,
the interpolation problem (1.1) can be seen to have a unique solution within IT,,. Note
that this uniqueness only depends on the configuration of the data points {z;} and
not on the values {f;}. This phenomenon becomes very complex in the multivariate
case, and it forms the foundation for our study of the generalized principal lattices in
Chapter 4.

Although inverting the linear system (1.2) provides a theoretical solution to the
univariate interpolation problem (1.1), this method is rarely used in practice. One
reason for this is that the condition number of the Vandermonde matrix may be very
large [39,40], in which case Gaussian elimination typically leads to large numerical
errors. Secondly, standard Gaussian elimination requires O(n?®) operations, which is
often too slow in practice.

The next two sections introduce classical methods much better suited for construct-
ing the univariate interpolating polynomial. In each case, the trick is to choose a basis
of IT,, that is convenient for the given configuration of data points.

1.1.1 Newton form of the interpolation polynomial

Suppose we are given the univariate interpolation problem (1.1). Let us try to construct
the solution p,, € II,, recursively from a supposedly known polynomial p,_; of degree
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n — 1 with values fy, fi,..., fu_1 at the points xg, x1,...,Tp_1.

The unique interpolation polynomial of degree 0 with value fy at zq is of course
po(x) = by := fo. Adding any linear term of the form b;(z — xp) will not change
the value at zo. Solving by + b1(x1 — z0) = f1 for by, we obtain a polynomial pi(z) =
bo+by1(x—xp) that satisfies (1.1) for n = 1. Next, adding any quadratic term of the form
ba(z—x0)(x—21) will not change the values at zg and 1. Solving bo+b; (x2—x0)+ba (22—
x0)(xe—x1) = fo for by yields a polynomial pe(z) = by+b1 (z—x¢)+be(z—20) (x—21) that
satisfies (1.1) for n = 2. Continuing this process, we arrive at the solution p = p, € II,
to (1.1) in the Newton form

p(x) = bo + bi(x —x0) + ba(x — 20) (0 — 1) + -+ + by — 20) -+ (¥ — 2 1). (1.3)

Once the coefficients bg, by, ...,b, are known, the Newton form of the interpolating
polynomial can be evaluated efficiently akin to Horner’s rule for nested multiplication,
by writing

pn(@) =bo + (z — 20) (b1 + (z — 1) (b2 + -+ + (z — Tp1)bn) -+ -). (1.4)

Note that the Newton form expresses the unique solution p € II,, to (1.1) in terms
of the Newton basis

{1, (z — 20), (x — zo)(x — 1), ..., (x — o) -+ (& — Tp1) } (1.5)

of I,,. In this coordinate system, the linear system (1.2) becomes the triangular system

1 0 0 0 bo Jo
1 1 — Xo 0 0 bl f1
1 Tog — X (IQ - 1'0)(1'1 - .T[)) s 0 b2 = f2 s
1 Tp — X (Inf‘ro)(‘rn*xl) (xnfxo)'”(xnfxnfl) bn fn

which can be solved directly. In practice, however, one computes the coefficients as
follows. Denoting the kth coefficient by, by [xg,x1,...,zx]f, it can be shown (see [47,
Section 6.1]) that these coefficients can be obtained recursively by setting [zo]f := fo
and

[irl,irm e ,l’k]f - [$07I17 e J}wl}f

[zo, z1, ..., zk]f = , k=1,2,...,n. (1.6)
T — Xo

See Table 1.1 for a graphical depiction of the recursion process. For this reason, the
kth coefficient is called the kth order divided difference of f at the points xg, x1, ..., T).
See [6] for a recent survey.

One immediately finds the expression [xg, x1]f = ﬁ%ﬁ‘é for the first order divided
difference of f at xg,x;. In case the values fo, fi,..., f, represent the values of an
underlying smooth function f(x) at the data points zg, 21, . . ., T, one sees that [zg, 1] f
represents the slope of the secant through the points (:EO, f(xo)) and (xl, f(xl)) In
particular, one has the limiting case limg, ;[0 z1]f = f'(x). More generally, we
have the following theorem from [47, p. 248].
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t

data Oth order 1st order 2nd order 3rd order
Zo, fO — [I‘O]f
e
[1’0, l’l]f
a e
r, fi — [z4] f [0, x1, z2] f
AN a AN
[z1, 2] f [xo, 21, 2, 3] f
/‘ N\ /‘
To, fa  — [z2] f (@1, 2, 3] f
N\ e
[$27 $3]f
S

x3, f3  — [x3] f

Table 1.1: The recursive process from (1.6) for computing the third order divided
difference (o, 1,2, x3)f from the data points xg,x1, 22,23 and corresponding values

f07f17f27f3'

Theorem 1 (mean value theorem for divided differences). Let zo,21,...,2, be n +
1 distinct points and let f have a continuous derivative of order m in the interval
(min{zo, ..., 2z}, max{zo,...,x,}). Then, for some point & in this interval,

A ]

As a direct consequence, one finds

lim [z, z1,...,2,]f = l'f(") ().
T, L1,y T —T n!

In this sense, divided differences can be thought of as a [discrete] generalization of
derivatives. One can therefore set out to generalize the theory of differential calculus
to the divided difference setting. In this manner, a divided difference version of a
Leibniz rule was found by Popoviciu [66,67] and Steffensen [79]. More recently, divided
difference versions of univariate chain rules were found in [35,84] and multivariate chain
rules in [33,85], analogously to Faa di Bruno’s formula for derivatives. In [36], one of
these univariate chain rules was applied to find a formula for the (higher-order) divided
differences of the inverse of a function. In the paper of Chapter 2, we generalize this
formula to one that expresses the divided differences of a function y, implicitly defined
by a function g : R* — R in the sense that g(z,y(z)) = 0 and g—f}(x,y(x)) # 0 in
some domain in R?, in terms of divided differences of g. 4

For a given function f, let p,, be the unique polynomial of degree at most n inter-
polating f at the data points zg, z1, ..., T,. As described earlier in this section, adding
a term [T, ..., Tn, Tny1)f - (@ — x0) -+ (x — ) to p, yields the interpolant of degree
at most n+ 1 with, in addition, value f(z,y1) at x,,1. In particular, taking = = z,,,1,
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Figure 1.3: Drawn dashed, are the Lagrange polynomials ly, 11,2 for the data (o, fo) =
(1,2), (z1, f1) = (3,3), and (x2, f2) = (4,2.5). Note that l;(x;) = J; j. The Lagrange form
of the interpolating polynomial p, drawn solid, is found by taking the linear combination
p(x) = folo(z) + fili(z) + fala().

we find the ezact expression for the error

f(@) = pal@) = [20, .., 20, 2] - (& = @) -+ (2w — @)

(cf. [47, p. 248]). Having such an exact expression for the error (and not just a bound)
has the advantage that it can be used to derive error bounds of more complicated
interpolants built up from polynomial interpolants. In [34], for instance, this expression
was used to bound the error of a rational interpolant made by blending polynomial
interpolants.

1.1.2 Lagrange and barycentric form
of the interpolation polynomial

Besides the Newton form, there is another commonly used representation of the so-
lution to the univariate interpolation problem (1.1). The idea is based upon another
convenient basis of II,,, namely the one with elements

- T —XT; .
lj(x):H j=0,...,n.
=0

)
= Tj — Ty
i#]

As these Lagrange polynomials have the property that [;(x;) = 1 and I;(x;) = 0 for
i # j, the solution p € II,, to (1.1) can be expressed in the Lagrange form

p(x) = folo(x) + fili(z) + -+ + fulu(2). (1.7)

The basis {lo, l1,...,1,} of IL, is called the Lagrange basis associated to the univariate
interpolation problem.

As the coefficients of p in the Lagrange basis are simply the data values of the
interpolation problem, it is trivial to solve the linear system (1.2) in this basis. Clearly,
the costly part in using the Lagrange form is not to find these coefficients. Evaluating
Expression 1.7 naively, on the other hand, will set you back O(n?) floating point
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operations (flops), as opposed to the O(n) flops required for evaluating Equation 1.4
once the divided differences are known. It is known, however, that the Lagrange form
can be altered to a form that can be evaluated in O(n) operations as well [3].

Let I(z) = (x — xo)(x — x1) -+ (x — x,). Then the Lagrange polynomials can be
rewritten as

i 1
li(z) = () Wi where w; :=

T [T -2

i#]

are called the barycentric weights associated to the univariate interpolation problem.
The interpolating polynomial p € I, satisfying (1.1) can then be brought into barycen-
tric form

n

pla) =1(x) > ;.

r—T;
j=0 7

After one has computed the barycentric weights wy, ws, . .., w,, this formula can be
evaluated in O(n) flops. Moreover, after adding a new data point (Zpt1, fni1) to the
interpolation problem, the weights can be updated in O(n) flops by first dividing w;,
by x; — Zp41 for j =0,1,...,n and then computing w,4+; from scratch.

1.2 Multivariate polynomial interpolation

Compared to the field of univariate interpolation theory, which dates back to at least
the 17th century, the field of multivariate interpolation theory is fairly recent. While
initial publications on the topic appeared in the second half of the 19th century [42],
the number of publications has grown substantially with the advent of computers.

Many of the problems encountered in multivariate polynomial interpolation have
no direct analogue in the univariate case, and need to be solved with mathematics
outside of the fields of approximation theory and numerical analysis. This makes the
multivariate case much more complex than the univariate case. One of the issues that
has been attacked from many different angles is the problem of finding configurations
of points for which any interpolation problem has a unique solution in some given
function space.

1.2.1 Configurations of points

As remarked in Section 1.1, the univariate interpolation problem (1.1) has a unique

solution p € II, as long as the data points xg,x1,...,x, are distinct. We proceed to
show that the situation is more complicated in the multivariate setting.
Given m points 1, Za, . .., Tm in RY and corresponding values fi, fo, ..., fm in R,

we wish to find a function p that passes through these points, in the sense that
p(z:) = fi, fori=1,2,...,m. (1.8)

We shall refer to this as the multivariate interpolation problem. Write X = {zy, 2o, ...,
T} and consider any vector space F of functions RY — R. We call X unisolvent



8 CHAPTER 1. INTRODUCTION TO POLYNOMIAL INTERPOLATION

Figure 1.4: The configuration of points to the left is not unisolvent in I3, as the three
points all lie on a line. The configuration of points to the right, formed by the vertices
of a hexagon, is not unisolvent in 113, as all points lie on a circle.

in F' if for any choice of the values fi, fa, ..., fin there exists a unique function f € F
satisfying (1.8).

Let 1Y denote the set of polynomials in N variables with real coefficients and of
total degree at most d. Then II} forms a vector space of dimension (“%). It is natural
to study the case where the number of equations m matches the dimension of I1}". That
is, when m = (d+N). The simplest nontrivial case is that of three given data points
(x1,71), (T2, y2), (x3,y3) in R? and corresponding values fi, fs, f3 in R. The vector space
of bivariate polynomials p(z,y) with real coefficients and total degree at most 1 has
dimension 3, and a basis is given by {1,z,y}. Any polynomial p(z,y) = a + bx + cy
satisfies p(x;,y;) = fi for i = 1,2,3 if and only if

1z pn| |a fi
1 T2 Y2 b = f2
1 @3 y3] |c f3

The above matrix is singular if and only if the three points (x1,v1), (22, y2), (23, y3) are
collinear, in which case there does not exist a unique polynomial p(z,y) = a + bx + cy
that interpolates the data as required. Note that this is not surprising: If p(x,y) € 112
is a solution to (1.8) and I(z,y) € II? is a linear affine polynomial representing the
line through the points (z1,31), (22, y2), (3, y3), then for any o € R the polynomial
p(z,y) + al(z,y) is a solution to (1.8) as well.

More generally, any finite set X of points in RY is unisolvent in Hfiv if and only if

#X = dimITY = (N;_ d)

and X is not contained in an algebraic hypersurface of degree d (see Figure 1.4). Al-
though this condition gives a precise characterization of the configurations of points in
space that are unisolvent in [T, checking this criterion requires about the same effort
as trying to solve (1.8) directly. It is therefore of interest to find special configurations
of points in space that are unisolvent in some function space and retain other conve-
nient properties from the univariate case. The next two sections introduce two such
configurations.
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1.2.2 Rectangular meshes

The most direct manner to generalize the univariate interpolation problem to the mul-
tivariate setting is by means of rectangular meshes. It seems that these meshes were
first considered in the early 20th century [42,60,61].

Let us focus on the 2-dimensional case, which simplifies notation and generalizes
readily to the higher-dimensional case. A rectangular mesh X is a Cartesian product

X:{xo,...,xm}X{yo,...,yn}:{(xi,yj) :1=0,...,m, j:O,...,n}, (1.9)

where zo < 11 < -+ < T, and yo < yy < -+ < y, for some m,n > 0. See Figure 1.5a.

For any set of values {f;; : ¢ =0,1,...,m, j =0,1,...,n} corresponding to such a
rectangular mesh, the multivariate interpolation problem (1.8) takes on the form
(@i, y;) = fijs fori=0,1,...,m, j=0,1,...,n. (1.10)

It is natural to look for solutions to (1.10) in the vector space IIZ, , of bivariate

polynomials p(x, y) with real coefficients and bidegree at most (m,n) (that is, of degree
at most m in x and of degree at most n in y). Note that the dimension of IT2, ,, coincides
with the number of points in X. The rectangular mesh X is sometimes called the tensor
product mesh, because the vector space an’n is isomorphic to the tensor product of the
vector spaces 112, and II2. Because of the linearity of the univariate interpolation
problem and the bilinear nature of the tensor product, many of the constructions for
univariate interpolation problems trivially carry over to constructions on rectangular
meshes.

To illustrate this connection, let be given data points xq < x1 and yy < y; and real
numbers fy, f1, 9o, g1. Suppose we are given the two univariate interpolation problems

p(xo):f(h p(xl):fh

q(o) = g0, a(y1) = g1,
where p(z) = ap + a1z and ¢(z) = by + b1z are both elements of II;. In matrix form,
these problems can be written as

b=
IR

Equating the tensor product of the left hand sides with the tensor product of the right
hand sides yields an equation

(oD (6 s o) - [a)= o)

Using the mized product rule (AC)® (BD) = (A® B)(C'® D) to interchange the tensor
product and the matrix product, this equation is equivalent to the system

1 20 Yo Toyo boao Jofo
1 21 yo z1yo boas o Qofl
L zo n xopn| |brao|  |9ifol’
1z y1 oy biay g1f1
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y2 {3 L] - . y2
yl T3 . . . yl 3 .
Yo e ) . . Yo -
Ty Ty Lo T3 Ty Ty Lo T3
(a) (b)

Figure 1.5: The figure to the left shows a rectangular mesh as in (1.9) for (m,n) = (2,1).
The figure to the right shows the zeroset of the Lagrange polynomial la 1(z,y) as a union
of lines (drawn solid) passing through all points (x;,y;) except (x2,y1).

which represents the bivariate interpolation problem on the rectangular mesh {zg, x1 } x
{yo,y1} in I13,. o

Conversely, writing p(z,y) = Y i, Z?:o a;;jxz'y’, the bivariate interpolation prob-
lem on a rectangular mesh from (1.10) can be brought into the matrix form

[ago ] [ foo ]
aio fio
Loy -y 1 oz - :
1 Yy @ 1 = ' | amo | fmo
Do L Do : at | | for
1 yy - yﬁ 1 z,, xﬁ a1l f 11
Lamn] — Lfmnd

It can be shown that any tensor product A ® B is singular precisely when A or B
is singular. As the Vandermonde matrices in the above equation are nonsingular, it
follows that the rectangular mesh (1.9) is unisolvent in IT7, .

The Lagrange basis from Section 1.1.2 generalizes to the Lagrange basis of an’n
with elements

n

L) =T 11

k=0 1=0
ki I£j

Yy—uy
yj*yl7

1=0,1,...,m, 1=01,...,n.

Each Lagrange polynomial l;;(x,y) is of bidegree (m,n) and satisfies l;;(xx, y1) = dixdji
for any i, 7, k,1. It follows that the solution p € II?, , to (1.10) can be written in the
Lagrange form

plr,y) =D > fili(@,y).

i=0 j=0
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Analogously to Equation 1.3, the interpolating polynomial p can be expressed in
terms of the Newton basis

i—1 j—1
{Haz—zk Hy y) i1=0,1,...,m, j—O,L....,n}
=0

k=0

of Hfmn (an empty product is considered to be 1), yielding the Newton form

i—1 j—1
pla,y) = ZZbUHI_xk [ —-w.
k=0 =0

i=0 j=0

Let us denote the coefficient b;; by [zo, 1, ..., Zs; Yo, Y1, - - -, y;]f and refer to it as the
(bivariate) divided difference of order (i,j). It can be shown (see [47, Section 6.6])
that these coefficients can be obtained recursively as follows. For i = 7 = 0 one sets
[0; Yo f = foo- If ¢ > 0 one defines

T1y e T Yoy - YilS — [Ty st Yo, - Yslf
[0, -y T3 Yo, -, YL f = — ’ ”]Ii_[xo’ SHUEEY :

and if j > 0 one defines

o [':C()?"wii;ylu"'ayj]fi[‘r07"'71‘i;y07"'7y‘7’71]f
7y]]f7 . . .
Yi — Yo

[IO',"'ymi;yOv"'

If both ¢ > 0 and j > 0, the divided difference [zo,...,%i;y0,...,y;]f is uniquely
defined by either recursion formula.

For a given bivariate function f, let p € H%m be the polynomial interpolating f at
the rectangular mesh (1.9). From [47, Section 6.5], we have the exact expression

f@,y) = pla,y) = 2o, w5 y) f [ [ = 20) + (2590, w0l F [ [0 = w7)
i=0 j=0

=[x, Ty Y0, -5 Y YIS H:rfszy Y5)
i=0 i=o0

for the error in the point (z,y).

Divided differences of functions with more than two variables are defined similarly.
Let y(z1,...,2x) be a function that is implicitly defined by a function g : RN+t — R
via the relations

0
g(xl,.4.7xN,y(x1,...,xN)):0., ag( xNay(xla"'axN))?éO

that hold in some domain in RY. In the paper of Chapter 3, we find a formula that
expresses the divided differences of y in terms of the divided differences of g, which is a
generalization of the paper of Chapter 2. Moreover, letting the points in the rectangular
grid coalesce to a single point, we find a formula that expresses the derivatives of y (of
any order) in terms of the derivatives of g.
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1.2.3 Geometric characterization

In this section we discuss a characterization of meshes in RY for which the interpolant
in II5 can be brought into a form similar to the Lagrange form.

Let us generalize the notion of a Lagrange form. Consider the ordered set of data
points X = {x1,...,2,} C RY with m = (Nd“l) for some nonnegative integer d. A
polynomial [ € I} is called a Lagrange polynomial associated to v € X if I(z) = 1
and I(y) = 0 for any y € X\{z}. An ordered basis {l1,...,l,} of II} is called a
Lagrange basis for X, if l;(z;) = 6;; for 1 < 7,7 < m. If, in addition, each Lagrange
polynomial splits into a product of real linear factors, we call {ly,...,l,} a simple
Lagrange basis for X. Whenever one has a Lagrange basis for X, the multivariate
interpolation problem (1.8) admits a unique solution

plz) = Zflll(z) emy.

In [24], Chung and Yao formulated these ideas in a geometric manner.

Definition 2. As above, let X = {xy,...,2,} C RY with m = (N:lrd) for some
nonnegative integer d. Then X is said to satisfy the geometric characterization, if
for each data point z; there exist d distinct hyperplanes H;; : h;j(z) = 0, with j =

1,2,...,d, such that
(i) x; does not lie on any of these hyperplanes, and
(ii) all other data points in X\{z;} lie on at least one of these hyperplanes.

Let X = {z1,...,2,} be a set satisfying the geometric characterization with cor-
responding hyperplanes H;; : h;;(x) = 0, with j = 1,...,d, associated to each z; € X.
For any z; € X, the polynomial

hij(x)
li(r) = J
' H hij(x:)
is a Lagrange polynomial associated to z; € X, and the collection {l1,...,[,,} forms a

simple Lagrange basis for X. It follows that there exists a simple Lagrange basis for
any set X satisfying the geometric characterization. Conversely, if a set X admits a
simple Lagrange basis of I, it will satisfy the geometric characterization [24, Theorem
1].

As a first example, suppose we are given N + d hyperplanes Hy, Hs, ..., Hyiq C
RY, any N of which intersect in precisely one point. If all of these (N ;d) points are
distinct, we call the set X of these points a natural lattice (see Figure 1.6a for an
example in the plane). Any natural lattice satisfies the geometric characterization
[24, Theorem 3]. Another example is formed by the generalized principal lattices,
of which the triangular meshes form are the simplest cases, see Figure 1.6b. Any
generalized principal lattice is formed by intersecting collections of hyperplanes in a
manner very similar to how a triangular mesh is formed by intersecting collections of
hyperplanes. A precise definition of generalized principal lattices in the plane will be
given in Section 4.1 and a general definition in Section 4.4.1.
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() (b)

Figure 1.6: To the left: A natural lattice corresponding to 2+3 lines in R? that intersect
generically. To the right: A triangular mesh.

Although the geometric characterization is a beautiful way to look at Lagrange
interpolation, it does not show us how all such meshes can be constructed. Moreover,
their incidence structures are not well understood [7], as is shown by the following
conjecture, made in [41].

Conjecture 3 (Gasca, Maeztu). Let X = {zy,2s,...,2,} C R%, with m = (}?),
satisfy the geometric characterization with lines L1, ..., Liq associated to x; for i =
1,2,...,m. Then one of these lines contains d + 1 points of X.

Despite the simple nature of this statement, it has shown difficult to prove. It is
only known to be true for d < 4 [9,11], and the complexity of the proofs increases with
the degree d.

To gain better insight into the incidence structures of meshes satisfying the geomet-
ric characterization, Carnicer, Gasca, and Godes set out to classify the meshes in the
plane that satisfy the geometric characterization according to their defect [12,19,21,22].
Note that each of the d + 2 lines in Figure 1.6a passes through d + 1 points of X. Car-
nicer and Gasca refer to the natural lattices in the plane as meshes with defect 0 (called
default in [12]), as these represent the generic case of d + 2 lines intersecting in the
plane. More generally, let X C R? be a configuration of points satisfying the geometric
characterization for which there are precisely & lines passing through d + 1 points of
X. Such a set is said to have defect d + 2 — k.

In [13, Theorem 4.1], it is shown that if Conjecture 3 holds for all degrees d up to
some D, then, for any set X C R? satisfying the geometric characterization and with
#X = (dlf) elements for some d’ < D, there are at least three such lines with d + 1
points of X. This would imply that the defect can be at most d — 1. Note that for the
triangular mesh in Figure 1.6b only three of the lines contain d + 1 points of X. In
this sense, the natural lattices and the generalized principal lattices represent opposite
ends in the classification of Carnicer and Gasca (compare [18, Theorem 3.6]). This
makes studying generalized principal lattices a worthy goal.

In Section 4.1-4.3, we show how generalized principal lattices are a natural general-
ization of triangular meshes and exhibit in detail a classification of generalized principal
lattices in the plane by Carnicer and Gasca [15,16]. The final section of Chapter 4 stud-
ies generalized principal lattices in higher-dimensional space, which were introduced by
Carnicer, Gasca, and Sauer in [17]. Each generalized principal lattice constructed in
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this article corresponds to a parameterized curve. After converting these curves to im-
plicit form, we realized that these are all real algebraic curves in P* of degree n+1 and
arithmetic genus 1. Moreover, for n = 3 these curves can be conceived very concretely
as the complete intersection of two quadric surfaces. With the help of a technical tool
introduced in [17], it is shown in Sections 4.4.5 — 4.4.9 that all curves of this type can
be used to define a generalized principal lattice in 3-dimensional projective space. The
resulting classification is summarized in Table 4.4.
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Abstract

Under general conditions, the equation g(x,y) = 0 implicitly defines y locally as
a function of z. In this article, we express divided differences of y in terms of bi-
variate divided differences of g, generalizing a recent result on divided differences
of inverse functions.

2.1 Introduction

Divided differences can be viewed as a discrete analogue of derivatives and are com-
monly used in approximation theory, see [6] for a survey.

Recently, the second author and Lyche established two univariate chain rules for
divided differences [35], both of which can be viewed as analogous to Faa di Bruno’s
formula for differentiating composite functions [31,48]. One of these formulas was
simultaneously discovered by Wang and Xu [85]. In a follow-up preprint, the other
chain rule was generalized to the composition of vector-valued functions of several
variables [33], yielding a formula analogous to a multivariate version of Faa di Bruno’s
formula [27].

In [36], the univariate chain rule was applied to find a formula for divided differences
of the inverse of a function. In Theorem 4, the Main Theorem of this paper, we use the
multivariate chain rule to prove a similar formula for divided differences of implicitly
defined functions. Equation 2.16 shows that the formula for divided differences of
inverse functions in [36] follows as a special case.

More precisely, let 3 be a function that is defined implicitly by a function ¢ : R? — R
via g(z,y(z)) = 0 and g—z(z, y(z)) # 0, for every z in an open interval U C R. Then

15
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the Main Theorem states that for any
Ty vy Ty € U7 Yo = y(m0)5'~-7yn = y(%n) € y(U)

we can express [Zo, . .., Z,]y as a sum of terms involving the divided differences

[Ii(]?"'?:ris;yis""yir]g’

with0<ig<iy <--- <1, <n.

In Section 3.2, we define these divided differences and explain our notation. In
Section 3.3, we apply the multivariate chain rule to derive a formula that recursively
expresses divided differences of y in terms of divided differences of g and lower order
divided differences of y. Finally, in Section 2.4, we solve this recursive formula to obtain
a formula that expresses divided differences of y solely in terms of divided differences
of g. We end the section with applying the Main Theorem in some special cases.

2.2 Divided differences

Let [z, ..., 2,)f denote the divided difference of a function f : (a,b) — R at the points
Zoy ...y Ty, with a < g < -+- < x, < b. If all inequalities are strict, this notion is
recursively defined by [zo]f := f(z0) and

i, Tl f = [Toy -y Tpe )
[To,...,x,)f = 21, 2alf ~ [0 f if n > 0.
Tn — To

If some of the {z;} coincide, we define [z, ..., x,|f as the limit of this formula when
the distances between these {z;} become arbitrary small, provided f is sufficiently
smooth there. In particular, when zq = --- = z,, one can show that [z¢,...,2z,]f =
f™(x0)/n!. For given i, ..., 4 satisfying ig < iy < --- < g, we shall sometimes
shorten notation to

[Zolllk}f = [Iio,l'il,...xik]f. (21)

The above definitions generalize to bivariate divided differences as follows. Let
f : U — R be defined on some 2-dimensional interval

U= (al,bl) X ((lg,bg) C ]RQ.

Suppose we are given m,n > 0 and points zo, . .., Tm € (a1, 1) satisfying zo < -+ < zy,
and yo, . .., Ym € (az, by) satisfying yo < -+ < y,. The Cartesian product

{Zﬂo,...,ffm} X {y07~-~7yn}

defines a rectangular grid of points in U. The (bivariate) divided difference of f at this
grid, denoted by

[$07-~~737m;y()7~~7yn]f> (22)
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can be defined recursively as follows. If m = n = 0, the grid consists of only one point
(x0,90), and we define [xo; yo]f = f(xo,y0) as the value of f at this point. In case
m > 0, we can define (2.2) as

[T1, s Zm; Yo - 5 Ynd S — [0y ooy Tme13 Y0y - - - Yn) f
Tm — Lo ’

orif n >0, as

[-T()v e Tmy Yty e 7yn]f - [’TOv ey Ty Yo, e 7yn71}f
Yn — Yo
If both m > 0 and n > 0 the divided difference (2.2) is uniquely defined by either

recursion formula.
As for univariate divided differences, we can let some of the points coalesce by

taking limits, as long as f is sufficiently smooth. In particular when zy = -+ = z,,
and yg = - - - = yp, this legitimates the notation
1 6m+nf

[an"'7I7’n;y07"’7yn]f = <$07yo)~

mln! dxmoym
Similarly to Equation 2.1, we shall more often than not shorten the notation for

bivariate divided differences to

[iOil e is;jojl o ]t]f = [xio7xi17 sy Tigs yjmyjn e 7yjt]f' (23)

2.3 A recursive formula for implicit functions

Let y be a function implicitly defined by g(av7 y(:v)) = 0 as in Section 3.1. The first step
in expressing divided differences of y in terms of those of g is to express those of g in
terms of those of y. This link is provided by a special case of the the multivariate chain

rule of [33]. Let R SR % Rbe a composition of sufficiently smooth functions
f = (¢,v) and g. In this case, the formula of [33] for n > 1 is

20,1, 2 (gof) = > > (2.4)

k=1 0=ip<i1<---<ip=n s=0

[D(Tig)s D(Tiy ), - - (@i,); (s, ), (@i )y -5 (@i, )] g x

s k
H[mil—ﬂ Lig_y+1s - 7xiz}¢ H [mi1717$i171+17 s ?xiz]w'
=1 l=s+1

Now we choose f to be the graph of a function y, i.e., f : 2 — (¢(z),¥(z)) = (z,y(z)).
Then the divided differences of ¢ of order greater than one are zero, implying that the
summand is zero unless (g, 71,...,%s) = (0,1,...,s); below this condition is realized
by restricting the third sum in Equation 2.4 to integers s that satisfy s = i5 —ig. Since
additionally divided differences of ¢ of order one are one, we obtain

[xo,xl,...,xn]g(~,y(')) = Z Z Z (2.5)

k=1 0=ip<i1<--<ip=n s=0
s=is—ig
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k
[.T(), L1y s TsiYigy Yigrqs v s ylk]g H [:L'il,la Tip 1415 -- 3miz]y7
l=s+1
where y; := y(z;) for j = 0,1,...,n. For example, when n = 1 this formula becomes
[-T[)axl]g(':y(')) =
(%03 Yo, y1]9 [0, 21]y + (k,s) = (1,0)
[z0, 71; 41]9, (k,s)=(1,1)
and when n = 2,
[z0, 71, 2]g ( y(- ))
[I07y07y2} [I07I17I2]y + (ks) = (170)
[Z0; Yo, Y1, Y2l g [0, 21]y [21, 22|y + (k,s) =(2,0)
[K Khylvyﬂq[ IEQ}y'i_ (k?,S) = (2a1)
[1,071,171,27y2}g (k75) = (272)

In case y is implicitly defined by g(z,y(x)) = 0, the left hand side of Equation 2.5
is zero. In the case n = 1, therefore, we see that

[01;1]g

[01]y = ~ .01y’

(2.6)

where we now used the shorthand notation from Equations 2.1 and 3.6. For n > 2,
the highest order divided difference of y present in the right hand side of Equation
2.5 appears in the term [0;0n]g[01 - - n]y. Moving this term to the left hand side and
dividing by —[0; On]g, one finds a formula that expresses [01 - - - n]y recursively in terms
of lower order divided differences of y and divided differences of g,

o1 mly==3% > > (2.7)

k=2 0=ip<--<ip=n 5=0
s=is—1iQ

01+ 8yigiasr - ikl TF . . .
[0; 0n] I limsCims + 1) -]y,
’ 9 l=s+1

We shall now simplify Equation 2.7. By Equation 2.6, the first order divided dif-
ferences of y appearing in the product of Equation 2.7 can be expressed as quotients
of divided differences of g. To separate, for every sequence (ig,i1,...,i) appearing
in Equation 2.7, the divided differences of g from those of 3, we define an expression
involving only divided differences of g,

k

. . lio -~ is;s -+ ik]g ( [i1_1i15 11]g >
01 = — % — . . .1 . 28
{ 0 k}g ;O [lo;lolk lHrl [21—1;21—111]9 ( )
s:‘izfio i — le 1=1
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Note that if a sequence (ig,...,x) starts with precisely s consecutive integers, the
expression {4 - - ix }g will comprise s terms. For instance,

~[0;023]g [23; 3¢
{023}g = 0 05ls (258l
{013}g = [0;013]g [01;1]g  [01;13]g

[0;03]g [0;01]g  [0;03]g "

[012}g = _[0;012]g [01; 1]g [12;2]g | [01;12]g [12;2]g _ [012;2]g
[0;02]g [0;01]g [1;12]g ~ [0;02]g [1;12]g  [0;02]g -

The remaining divided differences [i;_1 - - - 4]y in the product of Equation 2.7 are
those with 7, — 4;_; > 2, and each of these comes after any s satisfying s = i, — io.
We might therefore as well start the product of these remaining divided differences at
[ = 1 instead of at [ = s+ 1, which has the advantage of making it independent of s.
Equation 2.7 can thus be rewritten as

k

0y =3 Y Goide [ G il (2.7)

k=2 0=ig<-<ip=n =1
ip—i_1>2

For n = 2, 3,4 this expression amounts to

[012]y = {012}, (2.9)
[0123]y = {0123} g + {023} ¢ [012]y + {013} [123]y, (2.10)
(01234)y = {01234} g + {0134} g [123]y + {034} [0123]y (2.11)

+ {0124} g [234]y + {0234} [012]y + {014} [1234]y
+{024}g [012]y [234]y.

2.4 A formula for divided differences of implicit
functions

In this section we shall solve the recursive formula from Equation 2.7. Repeatedly
applying Equation 2.7’ to itself yields

[012)y = {012}y, (2.12)
[0123]y = {0123}g + {023} {012}g + {013} g {123} g, (2.13)
(01234]y = {01234} g + {0134}g {123}g + {034}g {013}¢ {123}g (2.14)

+{034}g {0123} g + {034} {023} g {012}g + {0124} {234} g
+{0234}g {012} g + {014} g {134} g {123}g + {014} g {1234} g
+{014}g {124} g {234}g + {024} {012} g {234} g.

Examining these examples, one finds that each term in the right hand sides of the

above formulas corresponds to a partition of a convex polygon in a manner we shall
now make precise.



20 CHAPTER 2. DIV. DIFF. OF UNIVARIATE IMPLICIT FUNCTIONS

With a sequence of labels 0, 1,...,n we associate the ordered vertices of a convex
polygon. A partition of a convexr polygon is the result of connecting any pairs of
nonadjacent vertices with straight line segments, none of which intersect. We refer
to these line segments as the inner edges of the partition. We denote the set of all
such partitions of a polygon with vertices 0,1,...,n by P(0,1,...,n). Every partition
m € P(0,1,...,n) is described by its set F(r) of (oriented) faces. Each face f € F(n)

is defined by some increasing sequence of vertices iy, 41, ...,i; of the polygon, i.e.,
f = (lo,71,...,9). We denote the set of edges in 7 by E(m).
Let y be a function implicitly defined by g(z,y(z)) = 0 and (2o, o), - - -, (Zn,Yn)

be as in Section 3.1. Equations 2.12-2.14 suggest the following theorem.

Theorem 4 (Main Theorem). For y and g defined as above and sufficiently smooth
and for n > 2,

0-mly= > II  {wwle (2.15)

7€P(0,...,n) (vo,...,or)EF ()
where {vg - - - v, }g is defined by Equation 2.8.

Before we proceed with the proof of this theorem, we make some remarks. For n =
2, 3, 4 this theorem reduces to the statements of Equations 2.12-2.14. To prove Theorem
4, our plan is to use Equation 2.7' recursively to express [01 - - - n]y solely in terms of
divided differences of g. We have found it helpful to assign some visual meaning to
Equation 2.7". Every sequence i = (ig, 41, . .., i) that appears in Equation 2.7" induces
a partition m; € P(0,1,...,n) whose set of faces comprises an inner face (ig, i1, . .., i)
and outer faces (i;,1; + 1,...,4;41) for every j =0,...,k — 1 with i;4; —¢; > 2. We
denote by P; the set of all partitions of the disjoint union of these outer faces. An
example of such a sequence i, together with its inner face, outer faces, and partition
set P; is given in Figure 2.1.

We shall now associate divided differences to these geometric objects. To each outer
face (ij,4; +1,...,4;11) we associate the divided difference [i;(i; + 1) - - i;41]y, and to
each inner face (i, 1, ..., i) we associate the expression {ig - - - iy }g. For any sequence
i that appears in the sum of Equation 2.7/, the corresponding inner face therefore
represents that part of Equation 2.7’ that can be written solely in terms of divided
differences of g, while the outer faces represent the part that is still expressed as a
divided difference of y.

Repeatedly applying Equation 2.7’ yields a recursion tree, in which each node rep-
resents a product of divided difference expressions associated to inner and outer faces.
These recursion trees are depicted in Figure 2.2 for n = 2,3, 4. Equation 2.7" roughly
states that the expression of any nonleaf vertex is equal to the sum of the expressions
of its descendants.

Proof of the Main Theorem. This theorem is a generalization of Theorem 1 in [36], and
the proofs are analogous. We prove the formula by induction on the order n of the
divided difference of y.

By the above discussion, the formula holds for n = 2,3,4. For n > 5, assume the
formula holds for all smaller n. Consider the recursive formula from Equation 2.7'.
For every sequence i that appears in this equation, the corresponding outer faces have
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Figure 2.1: For n =7, the sequence i = (0,1,2,4,5,7) gives rise to the two outer faces
(2,3,4) and (5,6,7), which are drawn shaded in the figure. The set P; contains in this
case just 1 x 1 = 1 partition, namely the union of the unique partitions {(2,3,4)} and
{(5,6,7)} of the outer faces.

=
-
N

[ ] [0123]

S o12] -, ( 5

o . fo \ ...... .3\\
A sl | :

Figure 2.2: Forn = 2,3,4, the figure depicts the recursion trees obtained by repeatedly

applying Equation 2.7'. The top levels of these recursion trees correspond to Equations
2.9-2.11.
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fewer vertices than the full polygon. By the induction hypothesis, we can therefore
replace each divided difference [4; - - - i;41]y appearing in the product of Equation 2.7/
by an expression involving only divided differences of g.

As before, let P; denote the set of all partitions of the disjoint union of the outer
faces induced by i. Then, by the induction hypothesis, the product in Equation 2.7" is
equal to

Z H {vo- v, }g.

TEP; (vo,...,vr)EF(m)

For a given inner face i, the set P; can be identified with {w € P(0,...,n):i € F(n)}
by the bijection F(m) — F'(m) U {i}. Substituting the above expression into Equation
2.7 then yields

0nly= Y GoideY  I1 fweeeus

inner faces 7€P; (vo,...,vr)EF ()
i=(i0,..,ik)

> > I Awew

inner faces 7€P(0,...,n) (vo,...,vr)EF (1)
i=(i0,...,ik icF(m)

= Z H {vo v, }g. O

w€P(0,...,n) (vo,...,vr)EF ()

Intuitively, this proof can be expressed in terms of the recursion tree as follows. As
remarked in the previous section, Equation 2.7’ states that the expression of any nonleaf
vertex is equal to the sum of the expressions of its descendants. By induction, the
expression [01 - --n]y of the root vertex is therefore equal to the sum of the expressions
of the leaves, which, by construction, correspond to partitions of the full polygon.

Example 1. Let us apply Theorem 4 to find a simple expression for divided differences
of the function y(z) = v/1 — 22 defined on the interval (—1,1). This function is implic-
itly defined by the polynomial g(z,y) = 22 + y* — 1 = 0. For any knots x4, zy, Tc, Ta
satisfying —1 < z, < 7, < z. < x4 < 1 and corresponding function values yq4, ys, Ye, Yd,
one finds

[xayxb;yc]g = T4+ Tp, [xaaxbaxc;yd]g = 17

(a3 Y, Yelg = Y + Yoo [Ta Ubs Yo, Yalg = 1,

and all other divided differences of g of nonzero order are zero. In particular, every
divided difference of g of total order at least three is zero, which means that the sum
in Equation 2.15 will only be over triangulations (i.e., partitions in which all faces are
triangles). For a polygon with vertices 0,1, ..., n, Exercise 6.19a of [?Stanley?2] states
that the number of such triangulations is given by the Catalan number

C(n—1)—1<2”2>.

n\n—1

Consider, for a given triangulation 7 € P(0,1,...,n), a face (a,b,c) € F(r) from
the product in Equation 2.15. As any divided difference of the form [z4, zs; ys, yelg is
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zero for this g, Equation 2.8 expresses {abc}g as a sum of at most two terms. There
are four cases.

-1 To+ Ty Tp+ T, .
1 . a, b, ¢ consecutive;
Ya T Ye Yo+ U Yo+ Ye
1 T+ Tp .
Flw only a, b consecutive;
= Ya Ye Ya Yv
{abe}g 1 Ty + X .
— only b, ¢ consecutive;
Ya + Ye Yo + Ye
-1 .
otherwise.
Ya T Ye

For example, when n = 3, our convex polygon is a quadrilateral, which admits C'(3 —
1) = 2 triangulations m and 7y with sets of faces

F(m)=1{(0,1,2),(0,2,3)},  F(m)=1{(0,1,3),(1,2,3)}.

One finds
[0, T1, Ta, T3]V 1 — 22 = {012}9 {023}g + {013}g {123}¢ =
—1 |:1 $0+1‘1'I1+IQ:|.1‘2+I3+
(o +y3)(yo + y2) Yoty yitye] vatus
—1 |: J;1+];2.ZL’Q+CL’3:|.JJ0+ZL'1
(Yo + y3)(y1 + y3) ity etys] Yoty

Example 2. Next we show that Theorem 4 is a generalization of Theorem 1 of [36],
which gives a similar formula for inverse functions. To see this, we apply Theorem
4 to a function y implicitly defined by a function ¢g(z,y) = x — h(y). Referring to
Equation 2.8, we need to compute [ig---is;4s - - - ix]g for this choice of g and various
indices g, ...,i and s € {0,...,k}. Applying the recursive definition of bivariate
divided differences, one obtains

x, fs=0,s=k;
1 ifs=1,s=k;

0  otherwise,

. . | is--ig]h it s =0;
lio -+ +isiia - in]h(y) = { 0 otherwise.

[ig---ig; i ip)w

Consider a face f = (vg,...,v,) of a given partition = € P(0,...,n) in Equation
2.15. Since r > 2, the divided difference [vg - - - vg; v - - - U] (x - h(y)) is zero for s > 1.
Using this, Equation 2.8 expresses {vg - - - v, }¢ as a single term

{v0-~~v7-}g:—w f[ ([?}zﬂ)z,M]g)

[vo; vovr]g =1 - [Vi-1; vi-1v1]g
v —v_1=1
I CORRRE T ﬁ 1
[vou,]h st el

v —v—1=1



24 CHAPTER 2. DIV. DIFF. OF UNIVARIATE IMPLICIT FUNCTIONS

Taking the product over all faces in the partition 7, the denominators of the factors
in the above equation correspond to the edges of the partition, while the numerators
correspond to the faces of the partition. As there is a minus sign for each face in the
partition, we arrive at the formula

H [vovy - - - v ]h

01--nly= Y (=1 )#F Loz R () 7 (216)
7€P(0,...,n) H [vov )R

(vo,v1)EE(T)

which appears as Equation 11 in [36].

Note that the inverse of the algebraic function y = +/1 — 22 in Example 1 is again
an algebraic function. Equation 2.16 would therefore not have been of much help to
find a simple expression for divided differences of y. In fact, Example 1 can be thought
of as one of the simplest examples for which Theorem 4 improves on Equation 2.16, as
it concerns a polynomial g with bidegree as low as (2,2).

Example 3. In this example we shall derive a quotient rule for divided differences.
That is, we shall find a formula that expresses divided differences of the quotient y =
P(z)/Q(z) in terms of divided differences of P and of Q. Let g(z,y) = Q(z)y — P(z).
Then, in Equation 2.8,

Yilio -+ 1s]Q — [ig---is] P if s = k;
lig - isiis - in)g = lig---i]Q if s=k—1; (2.17)
0 otherwise.

In Equation 2.15, therefore, the only partitions with a nonzero contribution are
those whose faces have all their vertices consecutive, except possibly the final one. In
particular, the inner face with vertices 0 = ig < --- < i, = n should either be the full
polygon, or should have a unique inner edge (ix_1,n). By induction, it follows that the
partitions with a nonzero contribution to Equation 2.15 are precisely those for which
all inner edges end at n. These partitions correspond to subsets I C {1,2,...,n — 2},
including the empty set, by associating with any such I the partition with inner edges
{(i,n) :1 € I}. Equation 2.15 becomes

[0...n]g ={0---n}g+ (2.18)

r

i Z {r---nlg H{ijflmijn}g’

r=1 k=1 0=i9<i1<---<ip=r

where the dots represent consecutive nodes and an empty product is understood to be
one. A long but straightforward calculation involving Equations 2.8, 2.17, and 2.18
yields

renlP N~ 7l
P D D CONDD [] b Qm

k=1 0=ip<iy <-<ip=r j=1
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where @Q; = Q(z;) for i = 0,...,n. Alternatively, this equation can be found by
applying a univariate chain rule to the composition = — Q(z) — 1/Q(x), as described
in Section 4 of [35].

Finally, we note that taking the limit z,...,x, — = in Equations 2.6, 2.8, 2.12,
and 2.13 yields

/ gd10
Yy (‘I.) =
Jo1
2
y'(z) = — 920 i 29112910 _ go2§l}107
go1 go1 9o1
2
y"(2) = — 930 + 39212910 4 392025]11 . 39209;0902 . 39123910
go1 go1 9o1 Jo1 Yo1
ghg0 | 9hgos | 9ugiodor 9090
—6=s—+= 9 4 -3 =
9o1 Jo1 Jo1 Yo1

where we introduced the shorthand

8s+t
Jst = M (xv y(x))

These formulas agree with the examples given in [26], [25, Page 153] and with a formula
stated as Equation 7 in [87].
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CHAPTER

Paper 2: Divided Differences
of Multivariate Implicit Functions

Georg Muntingh

Abstract
Under general conditions, the equation g(x!,...,z%y) = 0 implicitly defines ¥
locally as a function of &', ..., x9. In this article, we express divided differences

of y in terms of divided differences of g, generalizing a recent formula for the case
where y is univariate. The formula involves a sum over a combinatorial structure
whose elements can be viewed either as polygonal partitions or as planar trees.
Through this connection, we prove as a corollary a formula for derivatives of i in
terms of derivatives of g. The relation between these formulas yields a generating
function for the number of terms in the formula for divided differences of implicit
functions.

3.1 Introduction

Divided differences can be viewed as a discrete analogue of derivatives and are com-
monly used in approximation theory, see [6] for a survey.

Recently, Floater and Lyche introduced a multivariate chain rule for divided differ-
ences [33], analogous to a multivariate form of Fad di Bruno’s formula for derivatives
[27,31,48]. In Theorem 1 in [56], this chain rule was applied to find an expression for
divided differences of univariate implicit functions, thereby generalizing a formula by
Floater and Lyche for divided differences of the inverse of a function [36].

In Theorem 5, the Main Theorem of this paper, we generalize Theorem 1 in [56]
to divided differences of multivariate implicit functions. More precisely, for some open
box U C R? and open interval V' C R, let y : U — V be a function that is implicitly
defined by a function g : U x V — R via

9(x,y(x)) =0, g—z(x.,y(x)) #0 VxeU. (3.1)

27
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Then the Main Theorem states that, for any rectangular grid

{ag, .o} > {ad, .2l } C U,

1 ......4 q a .
nd 3T an}y as a sum of terms

we can express the divided difference [z}, ...,z
involving the divided differences of g.

In the next section, we define these divided differences and explain our notation. In
Section 3.3, we apply the multivariate chain rule to derive a formula that recursively
expresses divided differences of y in terms of divided differences of g and lower-order
divided differences of y. This recursive formula is solved in Section 3.4, yielding a
formula that expresses divided differences of y solely in terms of divided differences of
g. This formula is stated in the Main Theorem as a sum over polygonal partitions.
It is shown in Section 3.5, that such polygonal partitions correspond to planar trees
of a certain type, giving rise to an alternative form of the Main Theorem. Switching
between these combinatorial structures, we are able to prove as a special case in Section
3.6 a generalization of a formula by Comtet, Fiolet, and Wilde for the derivatives of y
in terms of the derivatives of ¢g. In the final section, this connection is used to find a
generating function for the number of terms appearing in the Main Theorem.

3.2 Divided differences

Consider a function y : U — R defined on some open box

U= (al,bl) X oo X (aq,bq) C RY. (32)
Suppose that, for some integers ni,...,n, > 0and all j =1,..., ¢, we are given points
2y, @), € (aj,b;) satisfying a; < g < -+ < ), < bj. The Cartesian product

{xéw...,x;l}><--~x{y;g,..‘7;v‘flq} (3.3)

defines a rectangular grid of points in U. The divided difference of y at this grid,
denoted by

[x(l],...w,lll;---;x&...,x%q]y (3.4)
can be defined recursively as follows. If ny = --- = ny, = 0, the grid consists of only
one point (g, ...,z), and we define [zf;- -+ ;2f]y == y(a, ..., z{) as the value of y at

this point. In case n; > 0 for some 1 < j < ¢, we can define (3.4) recursively by

J o Ad 1 1., ...4 q] _
(27, z)[g, - R (3.5)
2l Lo g o 2 el 24 Ty—
02 %mpy 10 MLy =10 U 10yt nqy
[%1 J S S el o MRS | mq}
R Rl (PR y 0Pyt =10 Ny »H0s g Y,

where the hat signifies omission of a symbol. If several of the n; are greater than
zero, the divided difference (3.4) is uniquely defined by any of these recursive formulas.
We refer to the size of the grid (n1,...,n,) as the order of the divided difference in
Equation 3.4.
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For any a = (ay,...,a4),b = (b1,...,b,) € N% write a < b whenever a; < b; for
every 1 < j < ¢. Additionally, we write a < b whenever a < b and a # b. In this
manner, the symbol < defines a partial order on R?. We use the notation

. — [l 1 1. g} q q
[x:a,bly:= [z}, 2} 1,2 ,xaq,maqﬂ,...,mbq}y

for the divided difference of y with respect to the grid of all points with indices “between
a and b”.

Divided differences of the function g : U x V' — R in Equation 3.1 are defined
similarly. For these functions, however, we stress the distinction between the variables
2!, ..., 2% and the variable y by replacing the final semi-colon by a bar in our notation.

As the notation of Equation 3.4 quickly grows cumbersome, we shall more often
than not shorten the notation for divided differences to one that involves just the

indices,

. L ; o 1 .. a q
[ZLO REY SRVEERRIE IR zqﬁsq]y = [a:iw, Ty 5 T g .,;riwq]y, (3.6)
[21’0 N 21751; e ;Zq,O P Zq.,sq|]0 .o ]t}g = (37)
1 a q , )
['Til,o’ REE FANEELLEE S ANRPRE A [ ‘,yﬂ]g.

We can let some of the points coalesce by taking limits, as long as y is sufficiently
smooth. In particular, letting all points in the grid coalesce to a single point xo =

(28, ..., x}) yields, for any tuple n = (ny,...,n,) € NY, the notation
1 9lnly
1 ... .4 - -
[IO,...,xO,--- ,xo,...,xo]y = ol e Xp).
ni+1 ng+1
Here the derivatives are written in multi-index notation, |n| := n; + -+ + n,, and
n! :=mny!---nyl. Letting, in addition, the y-values coalesce to a single point yq yields
the notation
1 a\n|+mg
1 1. .4 q —
[1‘0,. .. ,1}0’ e ’x07. .. 71‘0’y07 .. -7y0]g = n'm' 8xn6ym(Xo,yo).
ni+1 ng+1 m+1

3.3 A recursive formula

Let y and g be related as in Equation 3.1. In this section, we derive a formula that
expresses divided differences of y recursively as divided differences of g and lower-order
divided differences of .

Consider a composition of functions R? L Uuxv -4 R, where we write f : x —
(fl(x)7 oo fUx), f/(x)). Here f’ does not signify the derivative of some function f but
is simply some coordinate function. Let be given a nonzero vector n = (ny,...,n,) € N¢
and a grid of points

{Xi:Ogign}:{xé,...,xil}><-~-><{xg,...,x?lq}CU,

where xf) <o < m{lj for j = 1,...,q. Note that we allow for these coordinates to
coincide. Let f! := f'(x;) and ff = fi(x;) for j =1,...,gand 0 < i < n. From
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Figure 3.1: Any sequence 0 =iy < iy < --- < i = n represents a lattice path from 0
to n.

[33, Theorem 2], we have the following multivariate chain rule in case f and g are
sufficiently smooth,

|n|

x:0mj(gof)=>" Y > (3.8)

k=1 0=ip<--<ip=n 0=jo<--<jor1=k

11 1. . 4a a ‘g ]
[f‘m’ Lip+12 """ f‘n’ 7fijq—1 ’ fijqfﬁl’ C i e f‘]q“’ e f‘] g+1 9
Ja+1
e . /
| | | | 1] 171] | | [X . lj—lylj}f )
r=1j=jr_1+1 J=Jq+1

where an empty product is considered to be one. (The formula in [33] includes a term for
k =0, but this term doesn’t show up because we chose n # 0.) Here one should think
of 0 =iy < --- < iy =n as a lattice path from O tonand of 0 = jo < -+ < o1 =k
as indices of points along this path; see Figure 3.1.

Next, let f:x = (z},...,29) — (x, y(x)) define the graph of a function y that is
implicitly defined by g as in Equation 3.1. Let {ey,...,e,} denote the standard basis
of R, and let 1 < j < kand 1 < r < g be as in Equation 3.8. It follows directly
from Equation 3.5 that the divided difference [x : i;_1,1;]f" of the coordinate function
fro (2t ..., 2% — 27 is equal to one whenever i; —ij_1 = e,, and zero otherwise.
The only choices of 0 = jo < -+ < jg41 = k that yield a nonzero term in Equation 3.8
are therefore those satisfying

i; —i_1 =e, for j=g41+1,....45.,, r=1,...,q. (3.9
Alternatively, let (s1,...,54,t) := (j1 — Jo, - - -+ Jqg — Jg—1,Jg+1 — Jq) be the sequence of
Jumps in the sequence (jo, . . ., jg+1). In terms of these jumps, Equation 3.9 is equivalent
to the statement that the path iy < - - - < i starts with

s1 steps of eq, followed by

s9 steps of eq, followed by

54 steps of e, followed by
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t arbitrary steps.

Let us call any tuple (si,...,s,,t) with this property compatible with (io,...,i), or
simply compatible if it is clear which sequence (ig, .. ., 1) is referred to. Note that such
a tuple forms an integer partition k = s; 4+ - - + s, + ¢. Equation 3.8 thus implies

|n|

x:0mlg(y() =Y > > (3.10)

k=1 0=ip<--<ir=n compatible

(517---75q7t>
Is|+¢
01515 -+ 5001 slijg ijgje1 -+ - Bjs4e)g H [x i1, 1]y,
j=[s|+1
where we used the shorthand notation
01---s9; - ;01"'$q|i|s|i\s\+1"'i\s\+t]9
1.1 1. . o
= [1’07 Tyyenny xsla e 7137 I({7 sy ng}yi‘s“yi‘s‘ﬂa cey yi‘s‘ﬂ]gv Yi = y(xi)y

from Equation 3.7 for the divided differences of g.

If y is implicitly defined by ¢ as in Equation 3.1, the left hand side of Equation
3.10 is zero. Suppose n has length |n| = 1. Then n = e, for some 1 < r < ¢q. In
this case, the right hand side of Equation 3.10 consists of two terms with £ = 1 and
0 =iy < i; = e,. One finds

0=[x:0,e]g(-,y()) =
[0;---50[0€,]g [x:0,e,]y +[0;---;0;01;0;--- ;0[e,]g,

r—1
or, equivalently,
r—1
0;---;0;01;0;---;0]|er]g
[0;---;0|0e,]g ’
For example when y is a function of ¢ = 2 variables, this equation represents the two
formulas

[x:0,e]y=— forr=1,...,q. (R1)

[01;0]e1]g
[0;0/0€4]g’

[0;01]es]g

01;0]y = — [0;01]ea)g
[ Jy [0;0]0 e3]g

[0;01]y = — (3.11)
Now suppose n has length |n| > 1. There is only one term in the right hand side

of Equation 3.10 with & = 1. This term is given by
0=1iy<i;=n, s51=-=5,=0, t=1

and contains the highest order divided difference of y. Isolating this divided difference
yields a formula that recursively expresses divided differences of y in terms of divided
differences of g and lower-order divided differences of y,

In|

[x:0,njy = Z Z Z (R2)

k=2 0=ip<--<ix=n compatible
(81,--,5¢,t)
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P . [s|+t
[01”'81;"';01"'5|1‘S‘1‘s‘+1"'1‘s‘+t]g . .
< [O O\z)n]g H [X:lj—lvlj]y'
T - J=lsl+1

Let us simplify this formula. The product in Equation R2 can be split into two
products

|s|+t |s|+t
H [X L, lj]y H [X L, lj]y. (312)
J=lIsl+1 j=lsl+1
[ij—ij-1[=1 [ij—ij-1[>2

From Equation R1 it follows that each divided difference in the first product can be
expressed as a quotient of divided differences of g. Our ultimate goal is to express the
left hand side of Equation R2 solely in terms of divided differences of g. To achieve this,
it seems natural to split the right hand side into a part that can directly be expressed
in terms of divided differences of ¢ and a remaining part involving higher-order divided
differences of y. The former part can be expressed by introducing, for every sequence

(267,28) =ip < (2%772(11) =i <+ < (111722) = i,
a symbol {ip---i,}g for the expression

> (_ [i5 - (i +s1); - ;iS--‘(iSHq)lis"'ils+t]9> (3.13)

[id; -+ 320 [0 ik]g

compatible
(81,-,5¢,t)

+t . O qls
x f[ ‘i‘_[ R S L M AR Y] LI [
[7'1. Y L TR Y
r=1 j=|s|+1 J
ij—ij_1=er
involving only divided differences of g. Whenever it is hard to visually separate the
multi-indices i, . .., ix, we write {io,...,1}g instead of {ig---ix}g.

The divided differences [x : i;_1,1;]y that appear in the second product of Equation
3.12 satisfy |i; —i;_1] > 2. As Equation 3.9 guarantees that this cannot happen for
J < jg = |s|, we might as well start the product of these remaining divided differences
at j = 1 instead of at j = |s| + 1. This has the advantage of making the expression
independent of |s|. Equation R2 can therefore be written in the concise form

| k
x:0mly=>" > {io--idg [[ iy (R2')
k=2 0=ip<---<ip=n J=1
[ij—ij—1]>2

Equation R1 gives a formula for [x : 0,n]y when |n| = 1. Let us consider Equation
R2' for the case that |n| = 2. For such n, either n = 2e, with 1 <r < g,orn = e, +e;
with 1 <r < s < ¢. In the examples below we compute [x : 0, n]y for these two cases,
assuming g = 2 to simplify notation.

Example 4. Suppose n = 2e; (the case n = 2e, is similar). The only possible lattice
path0 =iy < --- < i, = n with k¥ = 2 in Equation R2' is given by 0 < e; < 2e;. As for
such a path the product in Equation R2’ is empty, one has [x : 0,2e1]y = {0, e1, 2e1 }¢.
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To compute {0, e1, 2e; }g, we need to find out which integer partitions 2 = s;+so++
are compatible with this path. These are precisely the triples (s1, $2,t) for which

e =i —jp=l—1i1 = =15 — i1, (3.14)

€ = lgq1 — iy = ig 40 — 101 = = lg4s — Loy, (3-15)
where the first (respectively second) statement is considered to be trivially satisfied
whenever s; = 0 (respectively so = 0). As both i; —ig and i,—i; are equal to ey, the first
condition is automatically satisfied. As neither i; —ig nor io—i; is equal to es, necessarily
sy = 0. It follows that there are three triples (s1, s2,t) = (0,0,2), (1,0,1), (2,0,0) com-
patible with (0, e;, 2e;). Each of these sequences corresponds to a term in {0, ey, 2e; }g,
and we conclude that

[x:0,2e1]y = {0,e1,2e,}g = (3.16)
[0;0]0, e1,2e1]g [01;0]e1]lg [12;0]2e4]g
[0;0]0,2e4]g [0;0]0,e1]g [1;0ler, 2e1]g
[01;0le1,2eq]g [12;0]2e4]g
[0;0]0,2e41]g [1;0]eq1,2e1]g
[012;0[2e4]g
[0:0]0,2e4]g

Example 5. Suppose n = e; +e,5. Equation R2' is a sum over the two possible lattice
paths 0 <e; <e;+ e and 0 < ey < e + e5.

A triple (s1,82,t) is compatible with the path 0 < e; < e; + ey precisely when
Equations 3.14 and 3.15 hold. For this path, the first equation is equivalent to s;
either being 0 or 1. If s; = 0, then the second equation implies that sy = 0. If 51 = 1,
on the other hand, the second equation implies that sy is either 0 or 1. One finds three
triples (s1, s2,t) = (0,0,2), (1,0,1), (1,1,0) compatible with (0, e;, e; + e2), yielding

{0,e1,e1 +e3}g =
[0;0[0,e;,e; + ex]g [01;0]ei]g [1;01]e; + es]g
[0;0]0,e1 + e3z]g [0;0]0,e1]g [1;0]e1, e1 + es]g
[01;e1|er,e1 +es]g [1;01]e; + e)g
[0;0[0,e1 +ex]g [1;0]er, er + es]g

_[01;01]e; + es]g
[0;0]0,e1 + es)g

Similarly, a triple (s1, s9,t) is compatible with the path 0 < ey < €1 + e, precisely
when Equations 3.14, 3.15 hold. For this path, however, the fact that i, —i; = e; comes
after i; —ip = ey implies that s; = 0. One finds two triples (sy, s2,t) = (0,0,2), (0,1,1)
compatible with (0, e, e; + e2), yielding

{07 €,€] + eQ}g =

0500, ez, €1 +eo]g [0;01]ez]g [01;1]es + eslg
[0;0]0,e1 + ez]g [0;0]0,e2]g [0; 1]eq, €1 + e2]g
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[0;01]ez,e1 + ea]g [01;1]er + es]g
[0;0]0, e + e2]g [0; 1]es, €1 + eo]g
As for both paths the product in Equation R2’ is empty, it follows that

[X . 0791 + QQ]y = {0761791 —+ eg}g =+ {0,62,61 + eg}g. (317)

3.4 A formula for divided differences
of implicit functions

Let y be implicitly defined by ¢ as in Equation 3.1. In this section we derive a formula
that expresses divided differences of y solely in terms of divided differences of g. For n
with |n| = 2, Equation R2’ immediately yields the two formulas

[x:0,2e,.]y ={0,e,,2e,}g, (3.18)
(x:0.e, +ely={0.e.e +e}g+{0,e5e +elg, (3.19)
where 1 < r < s < ¢ and the expressions {ip---i,} are defined in Equation 3.13.
For n with |n| = 3, one can distinguish three cases: n = 3e,, n = 2e, + e,, and

n=-e.+e+e, with 1 <r st <q distinct. Let us compute [x : 0,n] for these n
to get a feel for what a general formula should be. Repeatedly applying Equation R2’
yields

[x:0,3e,y = (3.20)
{0.e,,2e,,3e, }g + {0, 2e,,3e, }g - {0,e,,2e, }g + {0,e,,3e,.}g - {e, 2e,,3e  }g

[x:0,2, +e]y = (3.21)
{0,e,,2e,,2e, +e;}g+{0,2e,,2e, +e}g-{0,e,,2e,}g
+{0,e,,2e, +e,}g- {e,,2e,,2e,. +e,}g
+{0,e,,e, +es,2e, +e;}g+ {0,e, + e;,2e,. +e;}g-{0,e,,e. +e;}g
+{0,e,,2e, +e,}g-{e, e+ e, 2. +elg
+{0,e5,e, + €5,2e, + e}g+ {0,e, +e;,2e, +e;}g-{0,es, €.+ e}g
+{0,e;,2¢e, + e,}g- {es, e. +e;5,2e, +e}g

[x:0,e.+e;+ely= (3.22)

{0,e,,e, +e,e.+e,+e}g+{0,e +e,e +e, +e}g {0,e,e +elg
+{0,e,,e, + e, +e}g-{e. e +ese. +e;+elg

+{0,e,,e. + e, e.+e,+etg+{0,e.+e,e.+e,+etg-{0,e.,e. +elg
+{0,e,,e, + e, +e}g-{e. e +e,e +e +elg

+{0,e5,e, + 5,6, +e,+e}g+ {0,e, +ese.+e,+e}g-{0,e5e. +es}lg
+{0,e.,e, + e, +e}g-{es, e + e, e +e,+elg



3.4. A FORMULA FOR DIV. DIFF. OF IMPLICIT FUNCTIONS 35

+{0,e5,65 +e,,e, +e;,+e}g+ {0,e;+e,e.+e;+e}g-{0,e5e5+etyg
+{0,e5,e, + e, +€e}g-{es,es +e,e.+es+elg

+{0,e;,e, + e,,e. +e;+e}g+{0,e. +e,e.+e+etg-{0,e,e. +elg
+{0,e1,e, +e.+e}g-{e,e. +e,e.+e.+etg

+{0,e;, e+ er,e. +e;+e}g+ {0,es+e,e, +e,+e}g-{0,e,e,+e}g
+{0,e;,e, + es+e:}g-{er,es + e, e, + e+ e}y

These three formulas exhibit a remarkable pattern. For every choice of the path 0 =
Po < pP1 < p2 < p3 = n, we seem to be getting a sum

{PopP1P2p3}g + {PoP2p3}9 - {PoP1P2}g + {PoP1P3}9 - {P1P2P3}Y-

This expression bears a striking resemblance to the right hand side of the univariate
formula

0123]y = {0123} g + {023} g {012} g + {013} g {123}¢g

established in [56, Theorem 4]. This suggests that, for general n = (n4,...,n,), the
divided difference [x : 0,n]y is a sum of (”;i‘”*"") univariate formulas, one for each
choice of the path 0 = pg < --+ < pjn| = n. See Figure 3.2a for an example of such a
path.

Theorem 5 below casts this suspicion into a precise form. In order to state this
theorem, we introduce some notation for polygon partitions. With a sequence of labels
Po, P1, - - -, Pn We associate the ordered vertices of a convex polygon. A partition of
a convex polygon is the result of connecting any pairs of nonadjacent vertices with
straight line segments, none of which intersect. We refer to these line segments as the
inner edges of the partition. We denote the set of all partitions of the polygon with
vertices Po, P1, - - -, Pn by P(Po; P1,---,Pn). Every partition 7 € P(po, Pp1,-.-.,Pn) is
described by its set F(m) of (oriented) faces. Each face f € F(r) is represented by
a subsequence f = (vg,vi,...,vy) of the sequence (po, p1,...,Pn) of length at least
three. We let E(7) denote the set of edges in 7, each of which is represented by a
subsequence (vo,vy) of (po, P1,---,Pn) of length two. Figure 3.2b depicts an example
of such a polygon partition.

Armed with this notation for polygon partitions, we are now able to state the Main
Theorem of this paper.

Theorem 5 (Main Theorem). For n with |n| > 2,
[x:0,n]y = Z Z H {vovy- v, }g. (3.23)
0=po<p1<<P|y/=n -rrGP(po,pb.A.,p‘n‘) (V0,Viyeeyvir)EF (1)

To prove Theorem 5, our plan is to use Equation R2’ recursively to express [x :
0, njy solely in terms of divided differences of g. Before we proceed with this proof, we
assign some visual meaning to Equation R2’ to highlight the backbone of this proof.
We call a sequence i = (i, 11, . . ., i) a subpath of p = (po, P1, - - ., Pn) and p a superpath
of i, whenever

ip =Pl <Pig11 < <ii=p; <Py < <ip=py,
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[ —

P5s Pg p7=(n1,n2)
- . .

P1 P2 -PS '

(070) =Py

(a) (b)

Figure 3.2: For n = (n1,n2) = (4,3), the figure to the left depicts a choice of a path
0 =po < -+ < Pja| = n. The figure to the right shows a partition of the convex poly-
gon corresponding to this path with faces (po, P1, P2, P7)s (P2, P3, P5, P, P7)s (P3, P4, P5),
inner edges (p2,P7),(P3,Ps) (drawn solid), and outer edges (po,Pi1),(P1,P2);-- -
(P, P7), (Po, P7) (drawn dotted).

for some increasing indices 0 = ly < l; < --- < Iy = |n|. Every subpath i of p induces a
partition in P(po, p1, - - -, Pjnj) Whose set of faces comprises an inner face (ig, iy, ..., i)
and outer faces (ij-1,...,i;) = (Py,_,,Py,_,+1,---,Py;) for every j = 1,... k with
li; —1i;_1] > 2. See Figure 3.3b for an example.

In general, a sequence (ip, iy, ..., i) has several superpaths (po, p1,--.,Pn). Let us
introduce some notation to consider simultaneously the partitions of the outer faces
(each of which is a convex polygon itself) of i = (ig,i1,...,ix) for all these superpaths.
We define

k

P = H H P(do,d1, -+ Gm)s

Jj=1 ij_1=qo<-<gm=ij
me=lij—ij_1|>2
which represents a set of tuples of partitions, each entry in such a tuple corresponding to
a partition of a path with steps in {ey, ..., e,} from i;_; to i; for some j. For example,
for i = (io, i1,...,1i5) = ((0,0),(0,1),(1,1),(2,2),(2,3), (4,3)), one has [i; —i;_4] > 2
only for j = 3,5 (see Figure 3.3). There are two paths with steps in {e1,es} from
iy = (1,1) to i3 = (2,2) and only one from iy = (2,3) to i5 = (4, 3). It follows that

P, = (7?(127 (1,2),i3) U P (ia, (2,1), ig)) x P iy, (3,3), 5)

- {((ig, (1,2), i), (s, (3, 3),15))7 ((i27 (2,1).13), (is, (3.3), i5)>} .

We now associate divided differences to these geometric objects. To each outer face
(ij-1,...,1;) we associate the divided difference [x : i;_1,1;]y, and to each inner face
(ip, i1, - .-, 1x) we associate the expression {iy---ix}g. For any sequence i that appears
in the sum of Equation R2’, the corresponding inner face therefore represents that part
of Equation R2’ that can be written solely in terms of divided differences of g, while
the outer faces represent the part that is still expressed as a divided difference of y.

Proof of Theorem 5. The proof is by induction on |n|. Equations 3.18-3.22 show that
the formula holds for |n| = 2,3. For a fixed |n| > 4, suppose the formula holds for all
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Ly

Pp=1 P7=1;

() (b)

Figure 3.3: For n = (n1,n2) = (4,3), the figure to the left shows the points in the
sequence i = (ig, i1,...,i5) = ((0,0),(0,1),(1,1),(2,2),(2,3),(4,3)), together with the
paths traced out by its two superpaths p = (po,P1,--.,P7). The figure to the right
shows the convex polygon corresponding to each of these paths. The sequence i gives
rise to two outer faces (p2, P3, P4) and (ps, Pe, P7), which are drawn shaded in the figure.
Depending on the choice of the superpath p, the former outer face is either (127 (1,2), ig)
or (ig, (2,1), i3), while the latter is equal to (i47 (3,3), i5) for both paths p.

smaller |n| (but with |n| > 2). Consider the recursion formula from Equation R2'. As
in each term &k > 2, one has |i; —i;_1| < |n| for j = 1,..., k. By induction, therefore,
we can replace each divided difference [x : i;_1,1;]y in Equation R2’ by an expression
involving only divided differences of g. The symbol P; enables us to consider these
expressions for [x : i;_1,1;]y simultaneously, yielding

k
I &x:iwily (3.24)
j=1
[ij—1-1]>2
k
= 1I ) > II  {vovidg
j=1 ij_1=qo<-<qm=i; TEP(qo,....dm) (V0,...,vr)EF(T)

mi=lij—ij_1[>2

- Z H {vo---v,}g.

(m1,7m2,...)EP; j=1
(Vo v )eF ()

For a given sequence 0 =iy < --- < i, = n with £ > 2, the set P; can be identified
with the set

{r €PPo.....,Pp)):0=po < <Ppm=n,i€cF(r)}
by the bijection that maps any tuple (1, w9, ...) in P; to the partition 7= with F(7) =
{i} U F(m) U F(m) U---. Applying this bijection to Equation 3.24 and substituting

the result into the recursive formula yields

[x:0,nly
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In|

:Z Z {ip---ic}g Z H (Vo v, lg

k=2 0=ip<-<ip=n (71,m2,...)EP; j=>1
(vo,..,vr)EF (1))

—

|n|

= 2 D [I to-vle

k=2 0=ip<-<iz=n 7EP(Po,.--,P|n|) (V0;--,vr)EF(7)
a subpath of i€F ()
0:p0<..,<p‘n‘:n

- Y Y I vk 0

0=po<-<P|n|=0 7TEP(P0;--,Pn|) (V0,:--,vr)EF(T)

3.5 Polygon partitions and planar trees

While the compact nature of Equation 3.23 is useful to state and prove Theorem 5, it
is less appropriate for proving Corollary 8 of Section 3.6 (below). In this section we
adapt Equation 3.23 to a form better suited for this purpose.

We recall the following lemma, which appears as Proposition 6.2.1 in [77].

Lemma 6. For all integers m,n with m > n > 2, there is a bijection between the
following two structures:

e Planar trees with m vertices of which n are leaves and all other vertices have at
least two descendants.

e Partitions with m — n faces of a convex polygon with n + 1 vertices.

We now explicitly describe this bijection. Suppose we are given a polygon partition
in P(po, P1,---,Pn) with m — n faces. To the edge (po, pn) We associate a vertex that
represents the root of our tree. As (po,pn) is an outer edge, it belongs to a unique
face. The other edges of this face are taken to be the descendants of the root vertex.
As we are constructing a planar tree, we need to order these descendants; the vertices
correspond from left to right to the edges encountered when traversing the border of
the face clockwise, starting at (po, pn). We then repeat this process for each of the
new edges until we are out of edges. This construction yields a rooted planar tree with
n leaves corresponding to the outer edges (po, P1), (P1,P2),- -, (Pn-1,Prn) and m —n
nonleaf vertices corresponding to the faces of the polygon partition.

For example, for the partition in P(pog, p1, .- ., Pr) with set of faces

{(p07 Ps, Ps, p7)7 (p07 P2, p5)7 (p07 Pi1, p2)7 (p27 P4, p5)7 (p27 Ps, p4)}7

this bijection can be visualized as follows.
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Here leaves are drawn as circles and nonleaf vertices are drawn as dots.

Conversely, suppose we are given a planar tree with m vertices of which n are leaves,
and all the other vertices have at least two descendants. Assign labels (po, p1), (P1, P2),
.., (Pn_1,Pn) to the leaves as they are encountered while traversing the tree depth-
first from left to right. Recursively, we assign the label (pi,, Psy, ..., Pi.) to any non-
leaf vertex whose descendants have labels of the form (piy, ..., Pi;), (Pirs---sPia)s - - -
(Pi,_yy---,Pi.). The labels of the non-leaf vertices then coincide with the faces of a
partition in P(pg, P1,---,Pxn), and the labels of the leaves correspond to the outer
edges unequal to (pg, pn) of the full polygon. The following picture illustrates this
construction with an example.

(Po:p1) (P1:P2) (P5.Ps) (Ps.P7)

(PoP3:Ps:P7)
Let 7T (po, P1, - - -, Pn) denote the set of rooted planar trees with n leaves for which all
nonleaf vertices have at least two descendants. Represent each tree 7 € T (po, P1, - - -, Pn)

by its set V(1) of non-leaf vertices that are labeled as above, and label the leaves cor-
respondingly. Note that V(7) = F(mw) whenever a tree 7 and polygon partition 7 are
related via the above bijection. From this it follows that Equation 3.23 can equivalently
be stated in terms of planar trees as

[x:0,njy = Z Z H {ioir---ickg.  (3.23))

0=po<p1<-<P|n|=0 7ET(P0;P1;+Pn|) (i0,i1,-,ir)EV(T)

We wish to bring this equation into a form where we can distinguish the individual
terms in the divided differences of g. For this, we replace T (po, ..., Pjn|) by a struc-
ture 7'(po, . - ., Pa|) that encompasses all combinations of all terms in the expressions
{ip---ix}g. In particular, we extend each tree in 7 (po, ..., Pn|) with additional non-
leaf vertices for every factor in the second line of Equation 3.13, so that these can be
treated the same as the original nonleaf vertices.

Let 7 be one of the trees in T (po, ..., Pjn|) corresponding to a polygon partition 7.
Any nonleaf vertex v = (iy, . .., ix) in V(7) defines, together with its direct descendants,
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(g.47) (1) (5.0) @, ni0)

(i A7 o1y g 41y

(b)

Figure 3.4: The figure to the left shows the lattice path (if,i},i3,15,i}) =
(2e1,3e;,4e1,4e; + ez, 5e; + 3ez). The figure to the right shows a star % of type
(s, s5,t%) = (2,1,1) with root (ij),i7,13,1%,1};), with the circles representing leaves and
the discs nonleaves.

a subtree *, of 7 called a [rooted planar] star. Note that the bijection of Lemma 6
induces a bijection between F(7) and the set Stars(7) of stars of nonleaf vertices of 7.
A star x is said to be of type (s,...,s;,t") = (s*,t"), if the sequence of descendants
of its root starts with

s} leaves with labels (a, b) satisfying b — a = e, followed by

s5 leaves with labels (a, b) satisfying b — a = e, followed by

sy leaves with labels (a, b) satisfying b — a = e,, followed by
t* nonleaves,

see Figure 3.4. Note that such a type does not exist for every star, as leaves can appear
after nonleaves.

For every integer partition k = s; + --- + s, + ¢ compatible with v = (i, ..., 1),
we can extend *, to a tree 75! by inserting an edge at the leaves among the final
t descendants (ijs, ijsj+1), (ijs+15 djs+2), - - - » (js)4e=1, djsj4¢) of v. That is, we insert an

edge for every factor in the second line of Equation 3.13. Note that if there are no such
factors, then 75' = x,. Every star * in 75 is then of some (necessarily unique) type
(s*,1*). Using these notions, one can write

fo-ido= > ]I

compatible ¢ Stars(75'")

(st
s G sl )9
[ig7s -+ +ig [i5 45 ]9 ’
where each star * is of type (s*,t*) = (s’{, s Shs t*) and has root (iz}7 e iz*)7 with
(ig", . i8") =15 < (i, ... a0) =1if <o < (igr, ... il) = if..

Let T'(po, - --,Pm|) be the set of rooted planar trees obtained by taking a rooted
planar tree in 7 (po, ..., Ppm|) and replacing each of its stars x, by 75 for some (s, t)
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compatible with v. Equivalently, by construction, 7'(po, .. ., Pn|) is the set of rooted
planar trees with leaves (po, p1), (P1,P2)s - - - (Pjn|-1, Pjn)) and nonleaves labeled ac-
cordingly, for which each star * is of some type (s*,t*) # (0,1). Equation 3.23' can
then be stated as

[x:0,n]y = Z Z H (3.23")

0=po<p1<<Pn|=0 7/E€T'(P0,P1,Pn|) *€E Stars(7’)

s e s 8 i g
[ig%; -+ 56 1§ 15-]g ’
where again each star x is of type (s*,t*) = (s7,...,s;,t") and has root (ig,...,if.),
with
(ig%, ..., ig") =15 < (iy", ..., i]") =if <+ < (%, .., i0) =i,

Example 6. To the path (po, p1, P2, P3) = (0,e1,e; + €2, 2e; + €3) correspond three
trees in T(p07 P1, P2, p3)7

T1 D) T3

(P1:P2) (P2:P3) (Py.P1) (P1.P2)

(Po:P1) (P:P3) (PoP1) (P1,P2) (P2:P3)

(P1:P2,P3) (Po:P1:P2)

(Po P1 7P3) (Po P »Ps) (Pg.P1:P2,P3)

Let us consider the first tree 7. There are two tuples (si,t;) = (0,...,0,2),
(s9,t2) = (1,0,...,0,1) compatible with the nonleaf vertex v = (po, p1, ps), and we
can extend %, to two corresponding trees

7—‘5,1711 7—32,152 = %,
(PO :p1)
(P1,p2:P3) (Po:p1) (P1,P2.P3)
(Po p1)
(Po.Py.P3) (Py:P1:P3)

Similarly, there are two tuples (s,t}) = (0,...,0,2), (s, t5) = (0,1,0,...,0,1) com-
patible with the other nonleaf vertex v/ = (p1, p2, p3) of 71, and we find two trees
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1oyl VY
s7,t S5,
1t1 2:02

T

T, v/

v/

(Py:P2) (P2:P3) (P2:P3)

(P1:p2)

(Py:p2) (P2:P3) (P2,p3)

(P1,P2:P3) (P1,P2,P3)

corresponding to .. It follows that the tree 7 yields 2 x 2 = 4 different trees in
T'(po, P1, P2, P3). Analogously, one can check that 7 yields 1 x 3 trees and 73 yields 3
trees.

We end this section with a lemma that appears as Theorem 5.3.10 in [77] and is
needed to compute the coefficients in Equation 3.25.

Lemma 7. For any k € N, there are

1 ro+ri+ -+ g
ro+ri+-+ g 70,715 Tk

different planar trees with ro vertices with 0 descendants (leaves), r1 vertices with 1
descendant, ..., rp vertices with k descendants, and no wvertices with more than k
descendants.

3.6 Higher implicit partial derivatives

Whenever ¢g and y are sufficiently smooth, coalescing the grid points in Equation 3.23
results in a formula for the derivatives of ¢ in terms of the derivatives of g. We show that
this formula generalizes a formula that appears as Equation 7 in [87], which corrects a
misprint in an earlier formula by Comtet and Fiolet [26].

The formula, as stated in Equation 3.25, uses some notation for (¢4 1)-dimensional
partitions. If (n,m) € N? x N is a nonzero tuple of nonnegative integers, then
a (¢ + 1)-dimensional partition p of (n,m), denoted by p F (n,m), is a multiset
{(s1,t1),..., (s, t,)} of nonzero tuples in N? x N that sum to (n,m) when counting
multiplicities. We let |p| = r denote the number of terms in the partition p, counting
the multiplicity g5+ of each tuple (s,t) in p.

Let y be implicitly defined by ¢ as in Equation 3.1. We introduce the shorthands

olsl+tg

omly
Yn = Yn(X) := - xSyt

= Ixn X),

gs,t = gs,t (Xv y(X)) : (X7 y(X)) :

As the multiplicities fi,; sum to |p|, it makes sense to consider the multinomial coef-

ficient
( |p| )
sy Mpsity - -

for any partition p.
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Corollary 8. If y and g are sufficiently smooth, then, for any x € U and nonzero

n e N9
bl _ g 1( Ip| ) 1 ( 1 qt(y(x))> )
I ) . )
e pF (n,lp|-1) PIN - tpsts - (sit)ep 1! go.1 (x, y(x))
(0,1)¢p

Here the product is understood to be of p,.s+ copies for every distinct element (s, ¢)
of the multiset p. The self-referring nature of the summation makes it not directly
obvious that there is only a finite number of partitions p of this form for any n. Given
such a partition p, only a < |n| of its elements (s, t) satisfy s # 0. Since p does not
have (0,1) as an element, each of the final coordinates of the b remaining elements
of p is at least two. Then 2b < |p| — 1 = a + b — 1 implies that p contains at most
pl =a+b<2a—1<2n|—1 elements. This bound guarantees that any partition
p should sum to a tuple smaller than (n,2|n| — 1), implying that, for given n, there is
but a finite number of multisets p of nonzero tuples in N7 x N satisfying p F (n, [p| — 1)
and (0,1) ¢ p.

On the other hand, the existence of partitions of this form can be seen by taking
simple examples. For example, for ¢ = 2 and n = (1,0), (2,0), (1, 1) one finds partitions

17 ’ )7

n = (1,0): {(1,0,0)} - (
1 (2,0,0)
(

n=(2,0):{(2,0,0

)HE

=

{(1,0,1),(1,0,0)} - (2,0, 1),

{(0,0,2),(1,0,0),(1,0,0)} F (2,0,2),

n=(1,1):{(1,1,0)} - (1,1,0), (3.26)

{(1,0,0),(0,1,1)}, {(0,1,0),(1,0,1)} F (1,1,1),
{(1,0,0),(0,1,0),(0,0,2)} F (1,1,2).

For these n, the corollary states

G100
Y10 = — ,
90,0,1
2
92,00 g1,0191,00 90,0291 0,0
Yo, 0 = — +2 2 - 3 )
0,0,1 90,01 90,01
J1,10 | 91,0090,1,1 | 90,1,091,01  91,0,090,1,090,0, 2
Y11= — + 3 + 3 (3.27)
9o,0,1 90,0,1 90,0,1 9% 0,1

Coalescing the grid to a single point xq in Equation 3.23”, one finds that

yn:!co) _ 3 3 (3.28)

0=po<p1<-<Pnj=0 7'€T(P0,P1,P|n|)
H ( 1 gs*,t*(X07y(X0))>
)

* € Stars(7/ stit! 9o,1 <X07 y(XO))
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p | {(0,0,2),(1,0,0),(0,1,0)} | {(0,1,1),(1,0,0)} | {(1,0,1),(0,1,0)} | {(1,1,0)}

(ote) (o +ey) (o te) (ote) (ote) (4o tey) (s +e)( s +e,)
ANV IV
T’ T 5 T4 T T
(0.¢;) (e n) (0,e,) (e;.m) (e;,m) (e, ,n)
©e.) ©e) O ey
(0,e;,n) (0,e,,n) (0,e,,n) (0,e;,n) (0,e;,n)

Table 3.1: For n = (1,1), the first row lists the multisets p with (0,0,1) ¢ p and
pk (n,|p| —1). The second row depicts the stars x associated to each of these multisets.
The third row shows the different trees 7’ that can be formed by connecting these stars,
together with the labels of their vertices.

where each star * is of type (s*,t*). Clearly Equations 3.25 and 3.28 are in a similar
form. The only difference seems to be that in Equation 3.25 equal terms are grouped
together into one term with a coefficient. It is not surprising that there are duplicate
terms in Equation 3.28, as each term depends only on the types of the stars, not on
how these stars are connected to form a tree.

We first provide an example that introduces the flavor of the proof of Corollary 8.

Example 7. Let n = (1,1). Coalescing the grid to a single point (z{, 22) in Equation
3.17, one finds

1900291009010 . 91019010 91,10
91,1:—5 )Y, 37, ) + 752 LY ) (329)
90,0,1 90,0,1 90,01
1900290109100 | 90119100
3 2
2 90,01 90,01

at this point (z3,22). Clearly Equations 3.27 and 3.29 are equivalent. In this exam-
ple we hint at how the terms in these equations are related, suggesting a link that
generalizes to the generic construction in the proof of Corollary 8.

First of all note that in both Equations 3.27 and 3.29 the denominators can be
determined from their numerators. Taking for granted that the coefficients agree, it
therefore suffices to check that, for these equations, the monomials of the numerators
of their terms agree.

For each monomial in Equation 3.29, the orders of the derivatives in the numerators
form a multiset p of triples in N x N with (0,0,1) ¢ p and p - (1,1, |p| — 1). It follows
that every monomial in Equation 3.29 appears in Equation 3.27 as well.

Conversely, we show that every monomial in Equation 3.27 appears in Equation
3.29 as well, by pointing out which paths (0,0) = pp < p1 < p2 = (1,1) and trees
7" € T'(po, P1,P2) correspond to it. For a given monomial in Equation 3.27, let p be
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the corresponding partition in Equation 3.26. To each triple (s1, s9,1) in p we associate
a star of type (si1,82,t). As can be seen in Table 3.1, one can, for each multiset
p, connect these stars to a planar tree 7/ with two leaves, and sometimes there are
several ways to do this. After demanding the first coordinate of the left leaf to be
(0,0), there is only one way to label the leaves of 7' that agrees with the types of
stars of 7/. Thus we find three trees 77,74, 74 € T’((O,O)7 (1,0),(1, 1)) and two trees
Th, T4 € ’T’((O, 0),(0,1), (1, 1)), each of which corresponds to a term in Equation 3.29.

Proof of Corollary 8. In both Equation 3.25 and 3.28, each term comprises some coef-
ficient and a monomial in the symbols gs; divided by a power of go 1 of the same total
degree. As this monomial uniquely determines the denominator, the following three
steps suffice to show that Equations 3.25 and 3.28 are equivalent.

1. FEvery term in Equation 3.28 appears also in Equation 3.25. Consider an
arbitrary term 7 in the right hand side of Equation 3.28. This term arises from
picking a path 0 = pyp < -+ < pj| = n and a tree 7 € T'(pg,...,Pn|)- Let
p = {(sl,tl), e (sw,tw)} be the multiset of types of the stars in 7/. That is, p
is the multiset of orders of the derivatives in the numerator of 7.

Since for any tree in 7'(po, . . ., Pa|) the steps made by its leaves sum to n, it follows
that s; +- - - 4 s,| = n. Moreover, with the exception of the root of 7/, the root of each
star in Stars(7’) connects to one of the ¢ + - - - 4 t|,| nonleaf descendants of the stars,
implying that t; + --- 4+t = [p| — 1. As 7/ has no vertices with precisely one nonleaf
descendant, none of the types in p can be equal to (0, 1). The orders of the derivatives
in the numerator of Equation 3.28 therefore constitute a multiset p with elements in
N? x N for which (0,1) ¢ p and p F (n, [p] — 1). We conclude that, up to coefficients,
each term in Equation 3.28 appears as a term in Equation 3.25 as well.

2. Fvery term in Equation 3.25 appears also in Equation 3.28. Suppose we are
given a multiset p = {(s1,t),..., (Sp|, tjp)} of tuples in N? x N satisfying (0,1) ¢ p and
pt (n,|p| — 1) as in Equation 3.25. To each element (s, t) of p, we associate a star of
type (s, t) whose labels are yet to be determined. Because the number of stars |p| is one
more than the sum of the non-leaf descendants ¢; + - - - 4 £,|, one can always connect
these stars to a planar tree 7/ with |s1|+- - -+|s},/| = |n| leaves. Moreover, since each star
in 7’ is of some type unequal to (0, 1), there is a unique path 0 = pg < --- < pjgy =n
and labeling of the leaves of 7/ such that 7/ € T'(py, ..., Pja). We conclude that, up
to coefficients, each term in Equation 3.25 appears as a term in Equation 3.28 as well.

3. Corresponding terms have equal coefficients. Now we have shown that the
monomials in Equation 3.25 are the same as those in Equation 3.28; it remains to
show that their coefficients agree. Every term in Equation 3.28 corresponding to a
tree 7' € T'(po, - .., Pm|) With p the multiset of the types of the stars of 7" will con-
tribute (—1)#St@s() = (—1)IP| to the term in Equation 3.25 corresponding to p. The
coefficients can be shown to agree, therefore, by counting, for every multiset p with
(0,1) ¢ pF (n,|p| — 1), the number of different planar trees that can be formed by
connecting the stars of types corresponding to the elements of p.

Let p be as in Equation 3.25. Let us call two elements (s;, ), (s;, ;) of p equivalent
whenever ¢; = t;. The equivalence classes form a new multiset p’ in which each element
[(si, )], or simply ¢ for short, has multiplicity i 1= Y (g fips. Clearly p’ has the same
number of elements as p. Associate with each t € p’ a star with ¢ descendants. Here
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we think of a leaf as a star with 0 descendants. By Lemma 7, one can construct

1( '] )
|p/| Mo, M1y - - -

different planar trees from these stars. For the vertices with ¢ descendants of any such
planar tree, the multinomial coefficient of {ji,s: : 8 > 0} gives the number of ways to
reinsert the leaves. It follows that we can form

1( '] )H( it >_1< | )
P Nk s ) g et/ IPEN s s

different planar trees from the stars corresponding to p. This agrees with the coefficient
in Equation 3.25. U

3.7 Analysis of the number of terms

In this section we count the number of terms that appear in Equation 3.23 by means
of a generating function. It was obtained by modifying a generating function given
by Wilde in Section 7 in [87] for the number of terms in Equation 3.25, which, in its
turn, is based upon an erroneous generating function by Comtet and Fiolet in [26] and
[25, Page 175]. Comtet and Fiolet do, however, give a table with the correct number
of terms for n =n; = 1,2,...,23, so this error is presumably a repeated misprint.

Let E := N? x N — {(0,0),(0,1)}. For n € N? with |n| = 1, let a(n) = 1 be the
number of terms in Equation R1. For n € N? with |n| > 2, let a(n) be the number
of terms in the right hand side of Equation 3.23. Thus a(n) represents the number of
terms needed to express [x : 0,nly in terms of divided differences of g.

Lemma 9. For nonzero n € N7, the number of terms a(n) is equal to the coefficient
of x™yPl=1 ip

r
o0

_ 1 s 8|t
h(x,y):=—log [ 1— Z xSyt = Z; Z xSyl (3.30)

(s,t)eE r=1 (s,t)eE

Proof. For any positive integer r, let

S =1

ecl

MTZ—{/LZE—>N

be a set of weight functions on F with total weight . That is, M, represents all possible
ways to assign nonnegative integers to the elements of E that sum to r. For any positive
integer r and p € M, with support {e1, ..., e}, we can form the multinomial coefficient

(~-~7u26)7-~> - <M(€1)7-7-n-7lﬁ(€l)).
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def P(N1,N2,q):

E = CartesianProduct (range (N1+1), range (N2+1), \
range (NI+N2+1))

[(i1,i2,j) for (il,i2,j) in E if (\

(i1,i2,j) != (0,0,0) \

and (il,i2,j) != (0,0,1) \

\

N

E

and il + i2 + j <= NI + N2
and 2x(il + i2) + j — 1 <= 2x(

S = sum ([X1"11%X2"i2%Y"(il+i24t—1) for (il,i2,t) in E])
return S

R.<X1,X2,Y> = PolynomialRing(ZZ,3)
N1, N2 = 6, 6

h = sum ([((P(N1,N2,q))"q)/q for q in range(1,2%x(N14N2))])
for nl in range(0, N1+41):
for n2 in range (0, nl+1):
if (nl, n2) != (0, 0):
a = h.coefficient ({X1:nl, X2:n2, Y:nl+n2-1})
print "a(” ,nl,”,”, n2,”).=.", a

Listing 3.1: The Sage code computes the number of terms a(ny,n2) for ¢ = 2.

By the multinomial theorem, expanding the rth power in the right hand side of Equation
3.30 yields

e =30 52 0 be,) TL ey, (3:31)

r=1 peM, e=(s,t)eE

For any nonzero n € N¢, let us compute the coefficient of x*y™~'. Let r and
i be as in Equation 3.31. The elements e € E with p(e) > 0 define a multiset
p = {(s1,t1),...,(s;,t.)}, where we listed p(e) copies of each e in p. The term in
Equation 3.31 that corresponds to r and u contributes to xy/®I=! precisely when

sit-+s,=n and |si|+H — 14 --+|s]+¢t —1=n|—1,

or equivalently when sy +---+s, = nand t; +---+t. = r — 1. In other words,
precisely when p forms a (¢ + 1)-dimensional partition of (n, |p| — 1). In this case, the
term contributes

1 r
r (M(Slu 1), ulsr, tr))

to the coefficient of x™y/®I=1. By the proof of Theorem 8, this is precisely the number of
terms in Equation 3.23 that collapse to the term in Equation 3.25 that corresponds to
p. Summing these contributions over all multisets p appearing in Equation 3.25 yields
the coefficient of x*y™I—1. O
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a(ni,ng) | 0 1 2 3 4 5 6
0 X 1 3 13 71 441 2955
1 33 245 1921 15525 127905
2 351 3597 35931 352665 3417975
3 46709 563821 6483285 72009645
4 7963151 104772825 1309699875
5 1550685285 21523435641
6 328234085775

Table 3.2: The upper triangular part of a symmetric table of the number of terms
a(ny,ng) in Equation 3.23.

The coefficient of x*y/™=! can be computed by brute force, by taking into account
only the terms that can contribute. See Listing 3.1 for an implementation of such a
procedure in Sage [80], using Singular [44] as a back-end.

Note that it is trivial to extend this code to any other number ¢ of variables. The
program yields the number of terms a(ny, ns) for ny, ny < 6, enlisted in Table 3.2. Note
that the number of terms a(2,0) = 3 and a(1,1) = 5 agree with what was found in
Examples 4, 5. More entries in Table 3.2 can be found in The On-Line Encyclopedia
of Integer Sequences [57, 58], as can the number of terms in Equation 3.25 for ¢ = 1,2
[59,88].

Any bivariate divided difference [137 e ,xnl,x?)]y(-, -) is equal to the univariate
divided difference [1,%7 . 7557111] of the partial function y(~,x3). The first row in Ta-
ble 3.2 therefore represents the number of terms that appear in Equation 3.23 when
specializing Theorem 5 to ¢ = 1, which is the case that was treated in [56].

Although the number of terms a(n) grows exponentially with n, its growth factor
can be smaller in practical applications. Suppose we are given a function g(x,y), for
which the orders of its nonvanishing derivatives constitute the set A, = {(s,t) €
N? x N : g5, # 0} of lattice points. Then any divided difference of g is zero whenever
its order is not a member of A,. That is,

1.

1 1. 4 q =
I:x07"'7m317"' 7107...71'5(1 yOw“vyt:Ig*Ov
whenever (sq,...,s,,t) ¢ A,. The converse is not always true, as for nontrivial gs; a

divided difference of g of order (s, t) can be zero for a particular choice of the grid. For
a generic grid, however, a divided difference of g is zero precisely when its order is not
a member of A.

Let E, := ENA,. For a generic x € U, a partition p - (n, |p| — 1) with (0,1) ¢ p
yields a nonzero term in Equation 3.25 precisely when all its elements are a member
of Ay. When counting the number of nonzero terms a,(n) for a given function g and
a generic grid, we should therefore consider precisely those multisets in the proof of
Lemma 9 for which all elements are a member of ;. This proves the following theorem.

Theorem 10. For nonzero n € N? and a generic choice of the grid the number of
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ag(ni,ny) | 0 1 2 3 4 5 6
0 X 1 2 4 12 40 144
1 2 8 32 136 592 2624
2 44 232 1216 6304 32416
3 1520 9440 56448 328384
4 67440 454944 2942912
5 3409728 24224256
6 187227264

Table 3.3: The upper triangular part of a symmetric table of the number of terms
ag(n1,n2) in Equation 3.23 for g(z*, 2% y) = (z)? + (#2)? + ¢y* — 1.

nonzero terms ag(n) is the coefficient of xyl=1 gy

r
oo

_ 1 s Jsl4i—
hg(x,y) == —log | 1 — Z xSyl | = Z; Z xSy (3.32)
(

s,t)EE, r=1 (s,it)EEy

As an example, let us see how many terms one gets for a polynomial of low degree.
Suppose g(z!, 22, y) == (2')? + (2?)? + y? — 1. Then

A, =1{(0,0,0),(0,0,1),(0,1,0),(1,0,0),(0,0,2), (0,2,0),(2,0,0)},
E, ={(0,1,0),(1,0,0),(0,0,2),(0,2,0), (2,0,0)}.

The generating function becomes
ng(x17;v27y) = —log (1 —at =2t -y — (M) — (:EQ)Qy) .

Running Listing 3.1 with F replaced by E,, one finds, enlisted in Table 3.3, the number
of nonzero terms for this particular function g and a generic grid. Although the number
of nonzero terms grows exponentially as well, the table suggests that it does so with a
smaller growth factor.






CHAPTER

Generalized Principal Lattices

In this chapter we study the generalized principal lattices briefly mentioned in the
introduction. These meshes are unisolvent in some space of polynomials of bounded
total degree, play an important role in the classification of the sets satisfying the
geometric characterization, and have a simple error formula [17, Theorem 10].

In Section 4.1, we show how generalized principal lattices are a natural generaliza-
tion of triangular meshes. The section after that briefly summarizes how any planar
generalized principal lattice corresponds to a plane cubic curve equipped with a group
law that encodes collinearity of its points, which is a result recently developed in a
series of articles by Carnicer, Garcia-Esnaola, Gasca, and Godes [10, 14, 15,20].

Concrete examples in [10, 14] show how this characterization can be applied to
construct generalized principal lattices in the plane, and in [15,16] a classification was
derived from Newton’s classification of cubic curves in the plane. In Section 4.3 we
exhibit this classification, using the Pliicker relations to derive some of the claims made
in [16] without proof. In addition we give for each curve type in the classification a
detailed example, several of which are based upon the ones given by Carnicer, Gasca,
and Garcia-Esnaola, that shows concretely how to find generalized principal lattices
and what they look like.

The final section of the chapter studies generalized principal lattices in higher-
dimensional space, which were introduced by Carnicer, Gasca, and Sauer in [17]. In
this article, the theory of Haar systems is applied to construct various examples of
generalized principal lattices (of the types (c), (d), (e), (i), (j), (k) in Table 4.4).
Earlier, (n + 1)-pencil lattices (type (n) in Table 4.4) were introduced by Lee and
Phillips [53], generalizing the principal lattices (type (o) in Table 4.4) introduced by
Nicolaides [63]. The construction of the generalized principal lattices in [17] can be
carried out for any family of parameterized curves satisfying two properties, called
P1 and P2 in Section 4.4.3.

Because the curves underlying the examples in [17] are given parametrically, it is
not immediately obvious that they are of the same type. After converting these curves
to implicit form, however, we realized that these are all real algebraic curves in P”

o1
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of degree n + 1 and arithmetic genus 1. Moreover, for n = 3 these curves can be
conceived very concretely as the complete intersection of two quadric surfaces, whose
classification we recall in Section 4.4.4. This prompted us to investigate whether all
such curves satisfy Properties P1, P2 and can thus be used to construct generalized
principal lattices in P2. In Sections 4.4.5 — 4.4.9, we bring each curve type into a normal
form by means of a real projective change of coordinates and find a parameterization
satisfying Properties P1, P2. The resulting classification is summarized in Table 4.4.

4.1 From triangular meshes
to generalized principal lattices

In this section we show that the notion of a generalized principal lattice naturally
arises from the simple notion of a triangular mesh. For simplicity we only consider
meshes in the plane, postponing the definition of a generalized principal lattice in
higher-dimensional space to a later section.

A triangular mesh of degree m is a mesh of points in the plane that is, after scaling
by an appropriate factor, of the form

S={xij=0(i,j) EN* 1 i,j >0, i+j<m}. (4.1)

Figure 4.1a shows an example of a triangular mesh for m = 6. The set in Expression
4.1 can be constructed by taking the points of triple intersection of the 3 families of
m + 1 lines given by the linear forms

x—0, r—1, ..., T —m; (4.2)
y—0, y—1, ... y—m;
z+y—-0, z4+y—1, ..., z4+y—m.

Triangular meshes have been studied extensively in the literature, appearing as early
as 1903 in the work of Otto Biermann [4]. See also the classical textbooks [47, Section
6.6], [49, Sections 11.5, 11.16], and [78, Chapter 19].

For any choice of real function values { f;;} at the points {z;;}, the lines in Equation
4.2 immediately yield the Lagrange interpolation polynomial

L(x) = E fijLij,
1720
i+i<m

where the Lagrange polynomials L;; are defined as

i1 j—1 m
x—k y—£k x+y—k
#(7,9) (Ilzk) (II]k> (H z+]k>
k=0 k=0 k=i+j+1

Note that each L;; is a polynomial of total degree m whose linear factors represent lines
from Equation 4.2. The linear factors are normalized such that L;;(z;;) = 1, and the
lines are chosen such as to contain every point except z;;, see Figure 4.1b and compare
with Figure 1.5b.
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(a) (b)

Figure 4.1: For m = 6, the figure to the left shows the triangular mesh from Expression
4.1 and the corresponding lines from Equation 4.2. The figure to the right shows only
the lines whose linear forms appear in the Lagrange polynomial L;; for (i,5) = (2, 3).

(a) (b)

Figure 4.2: To the left, a geometric mesh with m = 3 and q = 1.5. To the right, a
rotation-symmetric 3-pencil lattice with m = 3.

Alternatively, any such interpolating polynomial can be brought into Newton form,
which leads to explicit error formulas in terms of bivariate divided differences [47,
Section 6.6].

In [63], Nicolaides generalizes the notion of a triangular mesh to that of a principal
lattice (called regular mesh in [52]). To understand his construction, let us rephrase
the definition of a triangular mesh as follows. Let N,, := {O, 1,... ,m} and consider
the simplex A C R? spanned by the vertices vy = (0,0),v; = (m,0),v2 = (0,m). In
terms of barycentric coordinates, any triangular mesh of degree m can be written as

A A A
{mERQ : x:—ovo—&-—lvl—i-—QUQ, i € Ny, )\0+)\1+/\2—7rl}.
m m m

Replacing A by a general simplex in R?, one arrives at Nicolaides’ definition of a
principal lattice. For principal lattices, one again has explicit formulas for the Lagrange
form of any interpolant and its error [63,64].

Next, Lee and Phillips discovered that instead of using meshes in which the coor-
dinates are evenly spaced (that is, where they form an arithmetic progression), one
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could more generally consider meshes for which the differences between consecutive co-
ordinates form a geometric progression. In [51,52], these meshes are called geometric
meshes. More precisely, they considered, for any ¢ > 0, the mesh of points

{2 = ([, 5)) €R® : 0,5 >0, i+j <m},
where [0] :== 0, [0]' := 0, and

fli=14a+a++q7"  [=14a +¢7+ - +¢7"
for 4,7 > 0. These points are the triple points of intersection of the lines

x — [i] =0, 1=0,...,m;
y_[‘ﬂ/:ov ]:07>m1
r+¢"ly—[k] =0, k=0,....,m

(taking precisely one line from each family). Note that one recovers a triangular mesh
by taking ¢ = 1. Analogously to the case of triangular meshes, these lines lead to a
simple expression for the Lagrange interpolating polynomial. Using notation from the
theory of divided g-differences, one finds a simple expression for the Newton form as
well [65, Section 5.4].

The discovery of geometric meshes shed some new light on principal lattices. Let
us embed the Euclidean plane R? in the projective plane P2 by the injection (z,y) —
[1:2:y]. Denote the first coordinate of P? by w. The linear pencil P of lines in P?
with vertex [a : b : ¢] is defined as the set of lines in P? passing through [a : b : c].
Note that the lines defined by = + ¢*~'y — [k] = 0 with 0 < k < m all pass through
the point (l—iq, ﬁ) € R2. In other words, they are part of a linear pencil of lines.
But in the projective plane the same holds for the other two sets of lines, but there
the lines meet in a point at infinity: The lines defined by z — [i] = 0 meet in the point
[0:0:1], and the lines defined by y — [j]' = 0 meet in the point [0 : 1 : 0]. Similarly,
each family of lines defining a triangular mesh is part of a linear pencil, the vertices
being [0:0:1],[0:1:0], and [0:1: —1] in this case.

One can construct the Lagrange interpolating polynomial for any mesh defined as
the points of triple intersection of three families of m+1 lines whose incidence structure
equals that of the lines defining a triangular mesh of degree m. This raises the question
of how to construct other families of 3 x (m + 1) lines with this incidence structure.
Defining the notion of a 3-pencil lattice, Lee and Phillips gave a flexible construction for
lines coming from pencils whose vertices are not collinear [53]. The principal lattices
appear as a degenerate case of the vertices spanning the line at infinity. An example
of a 3-pencil lattice can be found in Figure 4.2b. We postpone the definition of an
(n + 1)-pencil lattice to Section 4.4 and refer the reader to [65, Section 5.4] for a
friendly introduction for the case n = 2.

In [14,15], Carnicer and Gasca developed the idea of unifying the three linear
pencils of lines of a 3-pencil lattice into one cubic pencil of lines. Just as a linear
pencil of lines can be defined as the set of lines L : aw + bz + cy = 0 whose line
coordinates [a : b : ¢] satisfy the homogeneous linear equation wia + x1b + y1c = 0
for some fixed point [w; : x; : y1] € P2, a cubic pencil of lines is defined as the set
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of lines whose line coordinates satisfy a homogeneous cubic equation F(a,b,c) = 0
with no repeating factors. Via the dual correspondence, the lines in a cubic pencil
can thus be identAified with the points of a reduced cubic curve embedded in the dual
projective space P2, In this manner, the lines defining a 3-pencil lattice with vertices
[wy @ @1y, [we 2 ¢ Yo, and [ws : z3 : ys] correspond to points on the curve in P2
with homogeneous cubic equation

F(a,b,c) := (wia + x1b + y1¢) - (wea + x2b + yac) - (wza + x3b + ysc) = 0.

Although not all cubic forms can be factored into a product of three linear forms, it
turns out that these other cubic forms give rise to meshes similar to principal lattices.
To account for these new configurations, Carnicer and Godes introduced, using an
abstract combinatorial definition, the concept of a generalized principal lattice [18].

For any nonnegative integer m, we introduce the notation

S’m = {(i07i17i2) : iOailaiQE{Oalw-wm}v ’L'0+’L'1+’L'2:7’TL}.
Definition 11 (Generalized Principal Lattice in P?). Let m > 0, and let
Lg,L?,...,L?n, Lé,Li,...,Lin, L?),L%,...,L2

m

be three families of m+1 lines in P? for which any two of the 3(m+1) lines are distinct.
Suppose that

GPL; Any intersection L;! N L;?, corresponding to distinct indices r1,72 € {0,1,2},

227
consists of exactly one point.

GPL, The intersection L?

20

N L} NL} # 0 whenever (ig, i1,%3) € Spp.

12

Under these assumptions, the set of points
X ={a; : L) NLI N L} = {a;}, i= (io,i1,i2) € S} (4.3)
is a generalized principal lattice of degree m in the plane if, additionally,
GPL; For any ig, 41,02 € {0,1,...,m},
LINLLNLENX #0 = (i, i1,12) € S

Note that Definition 11 is weaker than one that replaces the conditions GPLy,
GPL,, and GPL;3 by the condition
|L?00L,}IQL?‘ =1 <~ (i07i17i2)65m7

2

as was Carnicer and Gasca’s initial attempt at generalizing the concept of a principal
lattice [14,15]. Figure 4.3 shows a generalized principal lattice in the plane defined
by a configuration of lines {L'} for which there exists a point P, not belonging to the
generalized principal lattice, in which three lines L?O, L}l , L?Q meet for which ig+i;+is #
m (compare [18, Remark 2.3]).

A disadvantage of Definition 11 is that it is not immediately clear how to obtain
such configurations of lines {L]}. For this purpose, Carnicer and Gasca introduced a
characterization of generalized principal lattices in terms of its associated cubic pencil.
This is the topic of the next section.
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Lg Lt
. P Lll
. . LOl

Ly LY

Figure 4.3: A generalized principal lattice with m = 1, for which there is an additional
point P where the three lines Ly, L1, L? intersect.

4.2 A characterization
of planar generalized principal lattices

Let A be a cubic pencil of lines defined by a homogeneous cubic equation F(a,b, c) = 0,
and let C C P? be the associated projective cubic curve. Denote the nonsingular part
of C by Cy, and let A,s denote the corresponding subset of A. Define V' to be the set
of vertices of the linear pencils contained in A. The number of such vertices depends
on the factorization of F in R[a, b, ¢]:

e |V|=0if F is irreducible,
e |V|=1if F is the product of a linear and an irreducible quadratic form,
e |V| =3 if F is the product of three linear forms.

One cannot just select any three families of m + 1 lines from A and expect them
to define a generalized principal lattice. For instance, permuting the lines of a trian-
gular mesh will typically not yield a configuration of lines that defines a generalized
principal lattice, even though all lines are still part of a cubic pencil. In order to select
three appropriate families of lines from A, Carnicer and Gasca encode the concurrency
properties of Definition 11 in terms of a binary operation @ on A,s. More precisely,
from [16, Prop. 3] we have the following theorem.

Theorem 12 (Carnicer and Gasca). As above, let A be a cubic pencil of lines with
nonsingular part Ay and set of vertices V. Then there exists a binary operation @ :
Aps X Aps —> Ays and line O € Ays such that (Ays, @, O) is an Abelian group satisfying
the following property.

& Any three lines Ly, Loy, Lz € Ay such that Ly N LoN LNV = 0 are concurrent if
and only if L1 & Ly ® Lz = O.

In this group, let us denote by ©L the inverse of a line L and by kL the sum
L®---® L of klines L. When C' is an elliptic curve, the binary operation & is the
well-known group law on an elliptic curve. When C'is a singular irreducible curve, the
binary operation @ satisfying Property & is quite known as well [5, Ex. 10.19-10.22]
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[38, Ex. 5.35]. In [10, Prop. 4.1] and [15], a similar binary operation & satisfying
Property & was established for cubic pencils coming from reducible reduced cubic
curves. At the moment, the existence of such a binary operation is more important
than its precise form. In Section 4.3, we shall explicitly describe these groups for
various cubic curves.

How can the group law @ be used to construct a generalized principal lattice? In
[20, Thm. 2.4], one finds the following characterization of generalized principal lattices
in the plane.

Theorem 13 (Carnicer and Gasca). Let A be a cubic pencil of lines with associated
group (Ans, ®, O) as above.

1. Let H, K, K5 be three lines of Ays. Then the 3(m + 1) lines

L) =K, ®iH, i=0,...,m (4.4)
L;:KQ@JH, j:O,...,m
L} =0K, 0 Ky® (k—m)H, k=0,...,m

are distinct if and only if
H,2H,...,mH # O, and (4.5)

K1 @KQ@TI’LH, @2K1 6K27 @Kl @2K2 ¢ {O,H,?H,,QmH}
Moreover, if (i,j,k) € Sy, then L ® Lj ® Li = O.

2. Let H Ky, Ky be three lines of Ay satisfying Conditions 4.5 and let {L} be
the lines defined by Equation 4.4. If (i,j,k) € Sp, then the lines LY, L}, L}
are concurrent. Let X be defined from the lines {L}} as in Equation 4.5. If
XNV =0, then X is a generalized principal lattice of degree m.

3. Let X be a generalized principal lattice of degree m in the plane defined by lines
{L:} in Ans. Then there exist lines H, K1, Ky € Ay such that Equation 4.4 holds.

Conditions 4.5 are computationally useful, because the group structures on A
satisfying Property & are all of a particularly simple form; they are the direct product
of either the additive group R or the circle group S' with one or two of the cyclic
groups Zy and Zs [15]. For such groups one easily finds triples (H, K1, K5) satisfying
Conditions 4.5.

The following theorem is a combination of Theorem 3.5 and Corollary 3.6 in [20].
It states that any generalized principal lattice comes from a cubic pencil of lines and
that this pencil is unique whenever the mesh has enough points.

Theorem 14 (Carnicer and Godes). Let X be a generalized principal lattice of degree
m in the plane defined by a family {L}} of lines. There exists a cubic pencil A of lines
containing all lines in {L}}. Moreover, A is unique if and only if m > 4.
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4.3 A classification
of planar generalized principal lattices

As cubic pencils of lines correspond to cubic curves, it is possible to carry over the
projective classification of real cubic curves to a classification of cubic pencils of lines.
Newton was the first to propose a classification of reduced real cubic curves [62], and
a gentle account can be found in [5]. In [16], Carnicer and Gasca carried out a parallel
classification of the generalized principal lattices in the plane, giving explicit examples
and a geometric interpretation for each class.

In this section we shall present the classification by Carnicer and Gasca, giving
additional details and derivations for each type of generalized principal lattice. The
classification is summarized in Table 4.1. In Section 4.3.1 we state some results about
the duality of curves in the projective plane, which shall be used throughout the re-
mainder of the section. In Sections 4.3.2 and 4.3.3, we shall see that the principal
lattices and 3-pencil lattices correspond to the cubic pencils whose associated curve is
a union of three lines. This was shown explicitly in [15]. Next, Sections 4.3.4 — 4.3.6
contain a discussion of the generalized principal lattices corresponding to the union of
a conic and a line. Finally, Sections 4.3.7 — 4.3.10 discuss generalized principal lattices
corresponding to pencils whose associated curve is irreducible.

4.3.1 The dual correspondence for curves

The dual correspondence for curves is a natural extension of the dual correspondence
between points and lines in the projective plane.

Let C' C P? be an irreducible projective curve defined by an equation F(w,z,y) = 0
of degree at least two. The tangent line to a smooth point P = [wy : xo : yo] of C' is
given by 2E(P)w + 9E(P)z + %(P)y = 0. Using the dual correspondence for points
and lines, one obtains a rational map

oF oF oF

. "9"2 v el el
¢:C P, Pr— 8w(P)'8x(P)'8y(P)

that sends any smooth point P of C' to its tangent line in dual space. The Zariski
closure of ¢(C) is an irreducible curve in P? called the dual curve C of C [82]. The
dual of C is isomorphic to C' [82]. It follows that C' and C are birationally equivalent
and in particular that they have equal geometric genus.

Following [32], we call an irreducible curve C' C P2 of degree at least two a Plicker
curve, if C' and C have no other singularities than simple nodes and simple cusps.
Irreducible conics and cubics are examples of Pliicker curves. Let C' C P? be a Pliicker
curve of degree d and geometric genus g with d nodes and x cusps. Of the dual curve
O denote the genus by g, the number of nodes by (5 and the number of cusps by &.
We recall the following Plicker formulas [32,82]:

d=d(d—1)—25— 3k, (4.6)

=3d(d — 2) — 65 — 8k. (4.7)
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Moreover, by Clebsch’s genus formula,

%(d—l)(d—2)—5—m:g:§:%(3—1)(5[—2)—5—2. (4.8)
Any line that is tangent to two points on a curve is called a bitangent of this
curve. Any node on C' corresponds to a bitangent on C and any inflection point on
C' corresponds to a cusp on C (and vice versa). In the remainder of this section, this
correspondence is used to determine the form of the curves dual to reduced irreducible
cubics, culminating in the visual description of planar generalized principal lattices
presented in Table 4.1 (see Section 4.3.10 below).
According to [82, Theorem II1.6.3], the inflection points of any projective curve
C : F(w,z,y) = 0 are the nonsingular points of C' in the intersection of C' with its
Hessian curve
8°F  9°F  9°F
ow? Owdzr  Owdy

. a 9’F 9’F | _
HC : det Oxdw Ox? ozdy | 0.
02F  9°F  9*F
Oyow  Oyox oy?

The Hessian curve passes through the singularities of C. By Bezout’s Theorem, one
finds that a cubic can have up to nine (possibly nonreal) inflection points. How many
of these are real depends on the particular curve C'. Any nonsingular irreducible cubic
has precisely three real inflection points [5, Ex. I11.12.8], while any singular irreducible
cubic has either one or three real inflection points [5, Ex. 111.12.18].

Examples with explicit descriptions of the group structures on Cps can be found in
[14-16], and several of the examples in Sections 4.3.2 — 4.3.10 are based upon these.
The classification of the planar generalized principal lattices is summarized in Table
4.1; it will serve as a model for our results in higher-dimensional space.

4.3.2 (' reducible, the union of three concurrent lines

Suppose that C'is a union of three lines L, Lo, L3 that meet in a single point P. The
dual to C'is a union of three vertices vy, vs, v3 lying on the line Lp dual to P. Picking
an integer m > 0 and three lines H, K, K # Lp as in Theorem 13.(2), one finds a
generalized principal lattice.

For instance, the lines Ly : © = 0,Ly : y = 0,L3 : * —y = 0 meet in the point
P =1[1:0:0]. The line dual to P is the line at infinity Lp : w = 0. Dual to the lines
Ly, Ly, L3, one has the vertices v; = [0:1:0],vo =[0:0:1],v3 =[0:1: —1]. The
bijection

[-t:1:0] ifa=0;
¢: R x Zs — Ch, (t,a)—> ¢ [—t:0:1] ifa=1;
[ t:1:1] ifa=2

induces a group structure on C, satisfying Property & [16]. Consider the points

Py =¢(1,0)=[-1:1:0],
Py, :=¢(0,1)=[ 0:0:1],
Py, :=¢(0,2)=[ 0:1:1]
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on Cys, and let H, K7, Ky be the associated lines in dual space. Applying Theorem
13.(2) for m = 4, one finds a triangular mesh.

Ll L:i -
L3 .
. L3 (3
P L)
L3 . L3 .
. (3 . L3 .

4.3.3 (' reducible, the union of three nonconcurrent lines

Suppose that C' is a union of three lines Li, Ly, L3 that are not concurrent. Write
{P;} := L; N L; whenever {i,7,k} = {1,2,3}. The dual to C is the union of three
vertices v1, Vs, v3 that do not lie on a line. Picking an integer m > 0 and three lines
H, K, Ky # Py, Py, P; as in Theorem 13.(2), one finds a generalized principal lattice.

For instance, the lines Ly : ¢ = 0, Ly : y = 0, Ls :w = 0 are not concurrent.
Equivalently, the points of intersection P, = [0: 1 : O] =[0:0:1], P,=[1:0:0]
do not coincide. Via the dual correspondence, the lines Ll, Loy Corrcspond to vertices
v1, Uy at infinity, while the line L3 corresponds to a vertex vs in the finite plane. The
bijection ¢ : R X Zy x Zs — Cys given by

[ —(=1)%™: 1: 0 ] ifb=0;
(t,a,b) — ¢ [ —(=1)%": 0: 1 ] ifb=1;
[ 0: (—1)%t: -1 ] ifb=2

induces a group structure on C, that satisfies Property & [16]. Consider the points

H :¢(17070) [ e:l: 0]7
e, = ¢(0,0,1)=[-1:0: 1],
Py, :=¢(0,0,2) =] 0:1:—1]

on Cys, and let H, K1, Ky be the associated lines in dual space. Applying Theorem
13.(2) for m = 4, one finds the following 3-pencil lattice.
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4.3.4 ( reducible, the disjoint union of a conic and a line

Suppose that C' is the union of a conic C and a line L that do not intersect (not at
infinity either). In dual space, the line L corresponds to a vertex v. By Equation 4.6,
the dual 61 of the conic C] is a conic as well. Since C; and L do not intersect, no
line passing through v is a tangent of (31. This is only possible when v is lying inside
of 61. Picking an integer m > 0 and three lines H, K, K5 as in Theorem 13.(2), one
finds three families of m + 1 lines; one of these families is contained in the linear pencil
through v, while the other two are tangents to the conic 61. Together, these 3(m + 1)
lines define a generalized principal lattice.

Let C = C; U L be the union of the conic €} : F(w,x,y) = 2% + y* — w? = 0 and
the line L : w = 0 at infinity. The tangent line to the point R = [wq : xg : yo] on C} is
given by

oF OF OF

%(R)w + %(R)x + @(R)y = —2wow + 20z + 2yoy = 0.

It follows that the triples [a : b : ] = [—2wq : 2z¢ : 2yg] form the conic C) : B> +c*—a? =
0 in the dual plane. The line L corresponds to the vertex v = [1: 0 : 0]. The bijection
¢ : St X Zy — Cy given by

[ 0 :sin(t/2) : cos(t/2) ] if a=0;
(t,a)»—>{ [ =1 :cos(t) : sin(¢) | fa=1

induces a group structure on Cy that satisfies Property & [14,16]. Consider the points

Py =¢(n/16,0) =[0: sin(w/32): cos(m/32)],
Py, :=¢ (3w/8,1) = [1 : —cos(3w/8) : —sin(37/8)],
Pg,:=¢( 0,1)=[1:-1:0]

on Cys, and let H, K7, Ky be the associated lines in dual space. Applying Theorem
13.(2) for m = 3, one finds the following generalized principal lattice.

4.3.5 ( reducible, the union of a conic and a tangent line

Suppose that C' is the union of a conic C; and a line L tangent to C at the point
P. Such a curve C' is sometimes called a tangential cubic. In dual space, the line L
corresponds to a vertex v and the point P to a line Lp. The dual to C} is a conic 61.
Since C has degree two, it intersects L only in the point P (but with multiplicity 2).
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The line Lp is therefore the only tangent of C, that passes through the point v. This
is only possible when v is a point on 61. Picking an integer m > 0 and three lines
H, Ky, Ks # Lp as in Theorem 13.(2), one finds a generalized principal lattice.

For instance, the conic C; : F(w,z,y) = wy — 2®> = 0 and the line L : y = 0
intersect at the point P = [1: 0 : 0] with multiplicity 2. The tangent line to the point
R = [wy : xg : yo] of C is given by

oF oF oF

%(R)w + e (R)x + a—y(R)y = yow — 2x9T + woy = 0.

It follows that the triples [a : b ] = [yo : —20 : wp] form the conic C} : b2 — dac = 0
in the dual plane. The line L corresponds to the vertex v = [0: 0 : 1] at infinity. The
bijection ¢ : R x Zy —> (s given by

[t . 1:0] ifa=0;
(t,a)%{ [t2:—t:1] ifa=1

induces a group structure on C, that satisfies Property & [14,16]. Consider the points

Py =¢( 02,0)=[0.20: 1.0:0],
P, = 6(—08,1) = [0.64: 0.8: 1],
Py, :=¢( 04,1)=[0.16: —0.4 : 1]

on C, and let H, K, K5 be the associated lines in dual space. Applying Theorem
13.(2) for m = 4, one finds a generalized principal lattice.

a
c
L P 0

4.3.6 (' reducible, the union of a conic and a secant

Suppose that C' is the union of a conic C} and a line L passing through two distinct
points P, Q) of C;. Such a curve C is sometimes called a secant cubic. In dual space,
the line L corresponds to a vertex v, the point P to a line Lp, and the point () to a
line Lg. The dual to C} is a conic 61. Since C} has degree two, it intersects L only
in the points P, (). The lines Lp, Ly are therefore the only tangents of C that pass
through the vertex v. This is only possible when v is a point outside of 51. Picking
an integer m > 0 and three lines H, Ky, Ky # Lp, Ly as in Theorem 13.(2), one finds
a generalized principal lattice.

For instance, let C' = C; U L be the union of the conic C; : F(w,z,y) = 4oy — w
and the line L : w = 0 at infinity. The tangent line to C at the point R = [wq : g : yo]

2
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is given by

oF oF oF
%(R)w + %(R)J + 6—y(R)y = —2wow + 4yoz + 4z0y = 0.
It follows that the triples [a : b : ¢] = [—2wp : 4y : 4] form the conic C : be — a2 = 0

in the dual plane. The line L corresponds to the vertex v = [1: 0 : 0]. The bijection
¢ : R X Zy X Zy — Cys given by
[ 0 : —(=1)%" 1 ] ifb=0;
(f,0,0) = { [ =2 ¢ (1% : (=1)%" | ifb=1

induces a group structure on Cy that satisfies Property & [14,16]. Consider the points

Py ==¢( 0.6,0,0)=] 0:—e™6: 1]
Py, :=¢(—~13,0,1) =[-2: 3. e19
Py, =¢( 0.7,0,1)=[-2: e *7:e"07

on Cy, and let H, K7, Ky be the associated lines in dual space. Applying Theorem
13.(2) for m = 2, one finds a generalized principal lattice.

4.3.7 ( irreducible, with an isolated singular point

Suppose that C'is an irreducible cubic with an isolated singular point P. Such a point
is also called an acnode, as it corresponds to an ordinary node on the complexification
Ct := C xg SpecC of C. By [23, Theorem 6], such a curve has precisely three real
inflection points. Using Equations 4.6-4.8, we find that the dual curve Cisa quartic
of genus zero without nodes and with three real cusps. It follows that Cisa tricuspidal
quartic with three real cusps.

For instance, let C': F(w,z,y) = (2% + y*)w + 2zy* = 0 (cf. [15, §6]). Its Hessian
curve is given by

0 2z 2y
He @ det |22 2w 4y = —162° — 8wa? + 32xy* — Swy* = 0.
2y 4y 2w+ 4dx

Besides the singularity P = [1: 0 : 0], the intersection C'N H¢ contains the real points
of inflection @Q; = {1 c—2: \/4/3} , Qo = {1 i =2 —\/4/3}, and Q3 = [0 :0 : 1].

These points correspond to the tangents of three cusps on C.
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Let us now explicitly describe C. The tangent line to C' at the point R = [wp : xg :
Yo is given by
oF oF oF

%(R)w * o (R)z + ETy(R)y =

(22 + yo)w + 2(womo + ya)x + 240 (wo + 220)y = 0.

Using Grobner bases to eliminate the variables wq, g, Yo, for instance with the program
Singular [43], it follows that the triples [a : b : ¢] = [224y3 : 2(womo+y3) : 2y0(wo+20)]
form the quartic

—8a%b + 12a2b? — a®c? — 6ab® + 10abc® + b* + 2% + ¢+ =0
in the dual plane. The bijection ¢ : S' — Cj4 given by
[sin(t) : —tan(t/2) : 1] ift#m
tH{ 0o 1 0] ift=n

induces a group structure on Cy, that satisfies Property & [15,16]. Consider the points
1 [ 1 1 |

Py :—¢< 2>— _sin< 2>:tan<4>:1_

5 [ 5 5 |

Pr, :=¢ <2> = _bln <2> : tan (4) : 1_

3 [ 3 3 |

Py, .—¢>< 2> = -bln< 2> : —tan <4> : 1_

on Cy, and let H, K7, Ky be the associated lines in dual space. Applying Theorem
13.(2) one finds a generalized principal lattice.

Below in the left figure, the solid curve represents C' in the finite plane, while the
dashed curve represents He. Both curves have an isolated singularity at P and pass
through the three inflection points @1, @2, Q3 of C' (two of which are shown). The
figure to the right shows the generalized principal lattice for H, K, Ky as above and
m = 3, formed by tangents to the tricuspidal quartic C.

~ C He

Q)

4.3.8 C( irreducible, with a nodal singularity

Suppose that C' is an irreducible cubic with an ordinary node P (more precisely, a
crunode). By [23, Theorem 6], such a curve has precisely one real inflection point.
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Using Equations 4.6-4.8, we find that the dual curve Cisa quartic of genus zero with
three cusps, one of which is real, and no other singularities. It follows that Cisa
tricuspidal quartic with one real cusp.

For instance, let C : F(w, z,y) = wy? — 22(z + w) = 0. Its Hessian curve is given
by

0 —2x 2y
Hp:det | -2 —2w—6r 0 | = 8wz +8(w +3z)y* =0
2y 0 2w

Besides the singularity P = [1 : 0 : 0], the intersection C'N H¢ contains the real point
of inflection ) = [0 : 0 : 1]. This point corresponds to the tangent of a cusp on C.

Let us now explicitly describe C. The tangent line to C at the point R = [wy : o :
Yo] is given by

oFr or or
%(R)w + ——(R)z+ —(R)y = (yo — xg)w — (2wy + 370)Tox + 2woyoy = 0.

Using Grobner bases to eliminate the variables wy, zg, 3o, it follows that the triples
[a:b:c=[yd —a2: —(2wo + 3x0)To : 2woyo] form the quartic

C : dab® — 4b* + 27a’c® — 36abc® + 8b*c* — 4c* = 0
in the dual plane. The bijection ¢ : R x Zy — C's that sends
(t,a) —s [(1 — (—1)%e)? s (= 1)%et (1 — (—1)%!) s 4(—1)%" (1 + (—1)“&)}

induces a group structure on Cs that satisfies Property é.

Consider the points Py := ¢(1,0), Pk, = ¢(—2,1), P, := ¢(3,1) on Cys, and let
H, K1, K5 be the associated lines in dual space. Applying Theorem 13.(2) one finds a
generalized principal lattice. Below in the left figure, the solid curve represents C' in
the chart w = 1, while the dashed curve represents Ho. Both curves pass through the
singular point P and the inflection point @ of C' at infinity. The figure to the right
shows the generalized principal lattice for H, K, K3 as above and m = 3, formed by
tangents to the curve C.

4.3.9 ( irreducible, with a cuspidal singularity

Suppose that C' is an irreducible cubic with a cusp P. By [23, Theorem 6], such a
curve has precisely one real inflection point. Using Equations 4.6-4.8, we find that the
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dual curve C is a cubic of genus zero without nodes and with one real cusp. Such a
curve C'is called a semicubical parabola.
For instance, let C' : F(w,z,y) = wy? + 23 = 0. Its Hessian curve is given by

0 0 2y
He:det |0 6z 0| =—24a9® = 0.
2y 0 2z

Besides the singularity P = [1 : 0 : 0], the intersection C' N H¢ contains the inflection
point @ = [0: 0 : 1] at infinity. This inflection point corresponds to the tangent of the
cusp of C.

Let us now explicitly describe C. The tangent line to C' at the point R = [wp : 2o :
Yo is given by

oF oF oF

a—w(R)w + e (R)x + (R)y = yaw + 3x3z + 2woyoy = 0.

dy
It follows that the triples [a : b : ¢] = [y2 : 322 : 2wgyo) form the cubic C : 27ac2—4b3 = 0

in the dual plane. The bijection ¢ : R — Cyg given by ¢ — [t3 : —¢ : 1] induces a
group structure on Cys that satisfies Property & (compare [16]). Consider the points

e )[4

1

i
Pr, :=¢ <—z> = l:—%: : % : 1} ,
Py, =¢(1)=1[1:-1:1]

on Cys, and let H, K7, Ky be the associated lines in dual space. Applying Theorem
13.(2) one finds a generalized principal lattice.

Below in the left figure, the solid curve represents C' in the finite plane, while the
dashed curve represents H¢. Both curves pass through the singular point P =[1: 0 : 0]
and the inflection point @ = [0 : 0 : 1] of C. The figure to the right shows the
generalized principal lattice for H, Ky, Ky as above and m = 3, formed by tangents to
the semicubical parabola C'.

4.3.10 C(C irreducible, smooth

If C is an irreducible and smooth cubic curve, then C has genus 1. Such a curve is also
called an elliptic curve. For this reason, we write £ = C' in this section.
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Let us briefly recall some facts about elliptic curves. The group law @ that satisfies
Property & turns E into an Abelian variety, asboth @ : EXE — Fand©: F — F
are regular maps [75, Theorem I11.3.6]. Up to an isomorphism of Abelian varieties, one
distinguishes an infinite number of elliptic curves [74, Theorem V.2.3]. As E is smooth
and as any regular map is built up from polynomial functions, E is a real Lie group
as well. Since there are far more real analytic isomorphisms than there are biregular
maps, one can expect fewer Lie group isomorphism classes of elliptic curves. In fact,
there are only two such classes, and there is an isomorphism of real Lie groups

1 : .
E:{S if A(E) < 0;

S'x Z, if A(E) >0, (4.9)

where the modular discriminant A(E) is the discriminant of some Weierstrass equation
of E [74, Corollary V.2.3.1].

After a change of coordinates, any elliptic curve £ C P? can be assumed to be of
the form

E:wy® — 42° + gow’s + gsw® = wy? — (z — eyw)(x — eqw)(z — ezw) = 0.

Since F is nonsingular, the discriminant A(E) = g3 —27¢2 is necessarily nonzero. Note
that the sign of A(E), and therefore the number of components of F, depends on the
number of real roots of the polynomial h(z) = 4% — goz — g5 = 0. More precisely,
FE has two components whenever h has three real roots e; > es > e3, and E has one
component whenever h has one real root e, and two conjugated nonreal roots ey, es.

As F has genus 1, it cannot be parameterized by rational functions. However, an
isomorphism as in Equation 4.9 can be given explicitly in terms of elliptic functions.
Let us denote the complexification of any real curve C' by attaching the symbol C as
a subindex. That is, C¢c := C xg SpecC. Let Pc denote the Riemann sphere, and let
u : Pc — C be the multivalued function defined by the elliptic integral

) /°° ds
uy = — .
y 453 — ga5 — g3

The function u(y) is multivalued because the value of the integral depends on the choice
of the path. More precisely, every loop around e; will contribute a certain number wj,
called a period, to the integral (see [46, §9.6] for explicit expressions of wy, wa, w3 in terms
of the equation of E¢). By the topology of the Riemann sphere, these periods satisfy the
linear relation wy +ws +ws = 0. Defining a lattice A := {mw; +nws : m,n € Z} C C,
one finds that u(y) : Pc — C/A is a single-valued function.

One defines the Weierstrass p function, o : C/A — P¢ as the inverse function
p(u) of u(y). An explicit formula for @ is

p(2) = p(z;w1,w0) = ;+ > ( L - ! ) (4.10)

(m,n)#(0,0) (2 —mwr —nwa)?  (mwy + nws)?

As an application of Liouville’s theorem, one can show that p satisfies the differential
equation @'(2)? = 4p(2)® — gag(2) — g3, where moreover the elliptic invariants gs, gs
satisfy
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We thus obtain a map ¢ : C/A — E¢ given by z — [1 : p(2) : ¢/(2)]. Because of
the addition formula for Weierstrass g functions,

1 o(z0) ¢(20)
det |1 p(z1) ¢(z1) =0 = 20+ 2+ 2 €A,

L p(22) ¢(2)

this parameterization is in fact an analytic group isomorphism [46, Theorem 9.4.3]
[75, Corollary VI.5.1.1] [55, §7D].

In case E is defined over R, then one can take the lattice A = Zw, + Zws to be
rectangular (that is, w; € R and ws € iR) [75, Ex. VIL6.7]. Restricting ¢ to real
numbers and identifying S! ~ R/w;Z will yield a parameterization ¢; : S' — E of
one connected component of the real elliptic curve E. Note that ¢ is a topological group
isomorphism, in the sense that it is both a homeomorphism and a group isomorphism.

C' irreducible, smooth with one real connected component

Suppose that £ is an elliptic curve with only one real component. By Equations 4.6~
4.8 the dual curve FE is a sextic of geometric genus 1 whose only singularities are nine
cusps, three of which are real.

For instance, let E : F(w,x,y) = wy? — 3

3 —w? = 0. Its Hessian curve is given by

—6w 0 2y
Hg:det| 0 —6z 0| =243w?+y*)z=0.
2y 0 2w

The intersection F N Hg consists of the inflection points @1 =[1:0:1],Q2 =1[1:0:
—1],Q3=10:0:1] of E, each of which corresponds to the tangent of a cusp of E.

Let us now explicitly describe E. The tangent line to E at the point R = [wp : g :
Yo] is given by

oF oF oF
%(R)w + 7([2)1’ + —(R)y = (v — 3wp)w — 3agz + 2woyoy = 0.

Using Grobner bases to eliminate the variables wy, g, 3o, it follows that the triples
[a:b:c =[yd— 3w : —3x3 : 2woyo) form the sextic

B - 4630 — 40° + 27a*c% — 36ab3c® — 54ac* + 27¢5 = 0

in the dual plane.

If E has only one connected component, then the map ¢; will be a topological
group isomorphism that, by the addition formula for Weierstrass g functions, satisfies
Property &. Consider the points Py = ¢1(0.1), Pk, = ¢1(—1.75), Pk, = ¢1(1.63) on
Chs, and let H, Ky, K5 be the associated lines in dual space. Applying Theorem 13.(2)
one finds a generalized principal lattice.

Below in the left figure, the solid curve represents F in the finite plane, while the
dashed curve represents Hg. Both curves pass through the inflection points Q1, Q2, @3
of E. The figure to the right shows the generalized principal lattice for H, K1, K> as
above and m = 2, formed by tangents to the curve F.
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C irreducible, smooth with two real connected components

Suppose that E is an elliptic curve with two real components. By Equations 4.6-4.8
the dual curve FE is a sextic of geometric genus 1 with two components whose only
singularities are nine cusps, three of which are real.

For instance, let E : F(w,z,y) = wy? — 23 + w2z = 0. Its Hessian curve is given by

2v 2w 2y
Hg:det |2w —6z 0 | = —8w® — 24(zw — y*)x = 0.
2y 0 2w

The intersection E'N Hg comprises the inflection points

L 2 V3+2V3
Qi[1.1/1+\/§.i\/§\/§

Each of these inflection points corresponds to the tangent of a cusp of E.
Let us now explicitly describe E. The tangent line to E at the point R = [wgq : @ :
Yo] is given by

oF oF oF

a—w(R)w + o (R)x + En

, Q=100:0:1].

(R)y = (y(z) + QwO:L'O)w + (wg — 3;53)9; + 2woyoy = 0.

Using Grobner bases to eliminate the variables wg, o, yo, it follows that the triples
[a:b:d = [yd+ 2womy : w3 — 3a} : 2woyp] form the sextic

E: 46*0® — dab® + 27a*¢® — 30a%b?c? — b c? — 24abct — 4% =0

in the dual plane. The map ¢; from the previous section yields a parameterization
of one component of E. The other component can be parameterized by the map
¢o : R/winZ — E given by t — ¢(t + %wg)7 as Equation 4.10 implies that p(t + %W‘g)
and ¢/ (t+ sws) are real for all real ¢. Identifying R/w;Z with S', one finds a topological
group isomorphism v : St x Zy —+ E defined by the rule

¢i(t) ifa=0;
(t’a)'—>{¢2(t) ifa=1 "

which shows that E satisfies Property &. Consider the points Py := ¢(0.12,0), Pk, =
&(—0.7,1), Pk, := ¢(0.5,1) on Cys, and let H, K7, K5 be the associated lines in dual
space. Applying Theorem 13.(2) one finds a generalized principal lattice.
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Below in the left figure, the solid curve represents E in the finite plane, while the
dashed curve represents Hg. Both curves pass through the inflection points Q.+, Q_, @
of E. The figure to the right shows the generalized principal lattice for H, K1, K> as
above and m = 3, formed by tangents to the curve F.
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4.4 Generalized principal lattices in space

In this section we construct generalized principal lattices in higher-dimensional pro-
jective space. Our discussion will mainly focus on generalized principal lattices in
3-dimensional projective space, but we remark that many of the techniques we apply
can be seen to work in any higher-dimensional projective space.

In Section 4.4.1, we introduce some basic notation, define generalized principal
lattices in n-dimensional projective space for arbitrary n, and give two examples. In the
next section, we remark that all known examples of generalized principal lattices in n-
dimensional projective space correspond to a curve of degree n+1 and arithmetic genus
1. Moreover, in 3-dimensional projective space, the curves are always the complete
intersection of two quadrics. We subsequently ask the question whether, conversely,
any such curve define generalized principal lattices of arbitrary high degree. Section
4.4.3 recalls two properties P1 and P2 for families of parameterized curves from [17],
which can be used as a technical tool for showing that these curves defines generalized
principal lattices of arbitrary degree. In Section 4.4.4, we recall the classification of
complete intersections of quadrics in complex 3-dimensional project space, and single
out the types that have the potential to define generalized principal lattices. In Sections
4.4.5 - 4.4.9, we transform each of these curve types into a normal form by means of a
real projective change of coordinates and find a parameterization satisfying Properties
P1, P2. The resulting classification is summarized in Table 4.4.

4.4.1 Definition, notation, and examples

In this section, we define the notion of a generalized principal lattice in higher-dimensional
projective space and introduce some notation needed for the remainder of the chapter.
We end the section with two simple examples.

For any m > 0 and n > 2, the set

Spi={(io,i, .- yin) tdo, 01,00 € {0, 1, ,mY, G +ip e+ i =m}

will function as an index set for the points of a generalized principal lattice. For any
n > 1, the symbol P" represents the real projective space of dimension n, and the
symbol P" represents its dual space. Similarly, the symbol P¢ represents the complex
projective space of dimension n and the symbol @@ its dual space. Both spaces come

equipped with projective coordinates [z : @1 : - -+ : 2], which we denote by [w : @ :
y : z] for the case n = 3. Usually, we think of R™ (respectively C") as lying inside of
P" (respectively P¢) by means of the injection (z1,...,2,) —> [1: 21 : -+ : x,]. The

remaining points in P (respectively Pg) form the hyperplane zq = 0, which is called
the hyperplane at infinity. By contrast, the points in R™ (respectively C") are called
the finite points in P" (respectively Pg). Moreover, we think of P" as lying inside Pg,
via the trivial injection

P" — P, [To: @y tay) —> [T @yt @y

Now the formalities are out of the way, let us get to business. The following defi-
nition is the straightforward generalization of Definition 11 taken from [17, Definition
1].
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Definition 15 (generalized principal lattice in P"). Let m > 0, n > 2 and consider
n + 1 families

0 0 0 1 1 1 n n n
H07H17'~~7Hm5 H07H17"~7H: ] H07H1>'-~7Hm

m

of m + 1 hyperplanes in P, for which any two of the (n 4+ 1)(m + 1) hyperplanes are
distinct. Suppose that

GPL/| Any intersection H;' N H;>N---NH;", corresponding to distinct indices 0 < r; <
ro < -+ <1, <n, consists of exactly one point.

GPL), The intersection H% N Hil1 N---NH # 0 whenever (ig, i1, ...,i,) € Sph.
Under these assumptions, the set of points
X ={a;: H)OH, N---NH} ={a;}, i=(io,i1,...,5,) € S} (4.11)
is a generalized principal lattice of degree m in P™ if, additionally,
GPL} For any g, i1,...,i, € {0,1,...,m},

H)NH. n---nH'NX #0 = (ig,i1,...,1,) € Sy

%0 m*
In this case, we say that the n+1 families H" = {Hj, H, ..., H! } of m+1 hyperplanes
define a generalized principal lattice of degree m in P™.

We proceed with constructing two important examples of generalized principal lat-
tices in P™.

Example 8 (triangular meshes in R™). Let us reconstruct the motivating example of
a generalized principal lattice in P", namely that of a triangular mesh of degree m in
R”. Following our convention, we identify R™ with the chart g = 1 of P*. We verify
that the hyperplanes

HY iz + -+ 2, — (m—i)ze =0,

H 2z, —ixg =0, r=1,...,n, i=0,...,m,

satisfy the conditions of Definition 15.

Consider any intersection I := H;' N H;> N --- N H;" corresponding to distinct
indices 0 < r; < rg < -+ < 1, < n. For any point [l : 2y : -+ : x,] € I, one
has x,, = i; for j = 2,...,n. The remaining coordinate is fixed by the equation of

Hfll. We conclude that the hyperplanes { H]} satisfy Property GPL}. Moreover, the
intersection H) N H} N---N H* is nonempty if and only if

io—m 1 1 -+ 1
—i; 10 0
O=det | —t2 01 Of =dg+iy+ - +i, —m,

—i, 00 - 1
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Ly

(a) (b)

Figure 4.4: Figure (a) shows the triangular mesh of degree 2 in R? together with its
3+1 families of 2+ 1 hyperplanes. Figure (b) shows the lines Lo, L1, Lo, L3 in dual space
together with the points p} (except for the points pY,, p§, p2, and pg, which lie at infinity).

implying Properties GPL), and GPL);. We conclude that any triangular mesh of degree
m in R™ is a generalized principal lattice of degree m in P".

In a triangular mesh in R", each family H" = {H{, H{,..., H},} is contained in
a pencil P, of hyperplanes. For r # 0, the pencil P, is spanned by the hyperplanes
29 = 0 and x, = 0, while for » = 0 it is spanned by the hyperplanes o = 0 and
z1 + 22 + -+ + z, = 0. Via the dual correspondence, each hyperplane H] in P"
corresponds to a point p] in P, Moreover, the base locus of the pencil P, corresponds
to a line L, in @”7 with

Ly={la:B:B:-:Bl€P": [a:p] €P'},

le{[a:ﬁ:():~--:0] E@":[a:ﬁ]éﬂ"l},

Ly={la:0:0:--:p] ep: [a: 8] €P'}.
As each pencil contains the hyperplane zo = 0 at infinity, the lines Lo, L1, ..., L, meet
in the point [1:0:---:0] € P
Figure 4.4a shows the triangular mesh in R? with m = 2. Planes of the same color
form a family H,. that is part of a pencil P, with base locus at infinity. For each pencil
P,, the corresponding line L, is drawn with the same color in 4.4b, together with the
points p} visible in the finite plane.

Example 9 ((n+ 1)-pencil lattices). Analogously to the planar case, one can consider
more general configurations of pencils of hyperplanes. The planar principal lattices
discussed in Section 4.1, for instance, can without difficulty be generalized to higher-
dimensional projective space. More generally, Lee and Phillips introduced the notion
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of an (n + 1)-pencil lattice [53]. Although principal lattices are strictly speaking not
(n + 1)-pencil lattices, it is shown in [53, Section 4] that the principal lattices are
recovered from the (n + 1)-pencil lattices as a degenerate case. We proceed to show
Lee and Phillips’ construction in a special case, from which any other (n + 1)-pencil
lattice can be obtained by means of a real projectivity of P".

Let yo:=[1:0:-+-:0,yp:=[0:1:---:0],...,9,:=1[0:0:---:1] be the
vertices of the simplex of reference in P". Here the indices are considered cyclically,
so that for instance y_; = y,. Let P, be the pencil of hyperplanes passing through
{vo,y1, - s Yn}\{¥r-1,y-}. In other words, any hyperplane in P, is the zeroset of a
linear form az,_; + Bz, for some [a : B] € PL. Let m be any nonnegative integer
and g # 0,1 a real number. Consider the n + 1 families H" = {H}, H{,..., H"},
r=20,1,...,n, of hyperplanes defined by

0. m—i —
HZ-..T()—,M xn_oa

H] :w, ) — plw, =0, 1=0,1,...,m, r=1,...,n.
Let us show that these hyperplanes satisfy the conditions of Definition 15. The
intersection of any n 4 1 hyperplanes H  H! ... H is nonempty if and only if
1 0 0 ... —pmi
1~y 0 0
0= det 0 1 _'uiz — (_1)n(ui1+“,+in _ Mm_i0)7
o e . 0
0o - 0 1 —pin

which happens precisely when ig + i1 + - - - + 4, = m, implying Properties GPL), and
GPLY. Since any n rows in the above matrix are linearly independent, the hyperplanes
{H!} satisty Property GPL}. The (n + 1)-pencil lattice associated with {H} is the
set X from (4.11) explicitly given by

X = {[1 R uial . u7a17(¥2 e ’[,Lialimian:l : (Ozo,O{l7 C ,Oln) S S:rll} .

4.4.2 What curves give rise to a generalized principal lattice?

Both for the triangular mesh in R” and the (n+ 1)-pencil lattice in P", the points dual
to the hyperplanes {H]} lie on the union of n + 1 lines. This leads to the following
question. What if we consider other projective curves C' C P" of degree n + 1, can we
do the same as in the planar case? More precisely, we wish to investigate when such a
curve C' has the following property.

% For any nonnegative integer m, there exist n+1 families of m+1 points on C' such
that the corresponding hyperplanes in dual space define a generalized principal
lattice of degree m in P™ in the sense of Definition 15.

Clearly, Property % does not hold for every curve C C P™ of degree n + 1. In
the examples below, suppose C' C P? contains points pl, with i = 0,1,...,m and
r=0,1,...,n, such that the corresponding planes H in dual space define a generalized
principal lattice X of degree m in Ps.
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Example 10. Suppose that C'is degenerate, in the sense that it is contained in a plane.
Then all of its points will obviously be coplanar, and the planes H] will all meet in the
same point, which is a generalized principal lattice of degree 0 in P3. In other words,
Property s does not hold for m > 1 for such a curve.

Example 11. Suppose that C' is not reduced, in the sense that it is set-theoretically
equivalent to a reduced curve C’ of degree lower than 4. By definition of the degree of
a projective curve, a plane will either intersect C’ in fewer than 4 points, or contain
a whole component of C’. In the former case, there will be no four independent
hyperplanes that meet in a point of X, while the latter case contradicts Condition
GPL; for large enough m.

So which curves do have Property %7 A partial answer to this question was given
in [17]. In this paper, Carnicer, Gasca, and Sauer find many examples of generalized
principal lattices in P™ (of the types (c), (d), (e), (i), (j), (k) in Table 4.4), by applying
the theory of Haar systems to find compatible 1-parameter families of hyperplanes.
These families are parameterized by the topological groups R, R x Zs, and S'. They
explicitly state that they do not claim to cover all possibilities, and there are indeed
many types missing already in the case n = 3.

The examples in [17] provide us with a clue where to look for generalized principal
lattices in P3. In each example, the 1-parameter families of hyperplanes form a curve
in dual space that is the complete intersection of two quadric surfaces. It is well known
that such a curve is of degree 4 and arithmetic genus 1 [45, Exercise 1.7.2d]. This is
comparable to the classification of the planar generalized principal lattices from Table
4.1, where each curve is a of degree 3 and arithmetic genus 1.

The goal of the remainder of this chapter is to answer the following question.

Question 16. Which curves C' C P? that are the complete intersection of two quadrics
satisfy Property %, and how can we explicitly construct generalized principal lattices
from these?

In the next section, we show how one can equip such curves with additional structure
to keep track of coplanarity of its points, similar to how the group law for cubic curves
exhibited in Theorem 12 keeps track of collinearity.

4.4.3 Encoding cohyperplanarity

In this section, we recall from [17] a sufficient criterion for a curve C' C P™ of degree
n + 1 to satisfy Property %. Let Cs denote the nonsingular part of C.

Let us consider an example to show that the situation for space quartics differs
from that of planar cubics. Let C be the union of the twisted cubic C” and the tangent
line L to some point P € C’'. Then Cys will be homeomorphic to the disjoint union
of two copies of the real line R. By Proposition 18 in [54], any topological Abelian
group with this topology is isomorphic to R x Z,. Suppose we are given four points on
Cls, three of which lie on C” and one on L. Whether these four points are coplanar or
not, the corresponding points in R X Z, can never sum to (0,0). Yet in Section 4.4.7
it is shown that the curve C' satisfies Property %. We cannot, therefore, in general
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expect the existence of a group law on Cs that encodes coplanarity the way Property
& encodes collinearity for planar curves.

In [17], a different method for finding generalized principal lattices in P™ is proposed.
For any Abelian group G and any n + 1 families of hyperplanes H" = {H"(w) : w €
G }, r=0,1,...,n, satisfying two compatibility conditions, they present a way to pick
(m + 1) hyperplanes H{, H7, ..., H! from each family H" so that the set X defined
by Equation 4.11 is a generalized principal lattice of degree m in P™. Using the theory
of Haar systems, they find many examples of such compatible families of hyperplanes
and of corresponding generalized principal lattices.

Let us present the projective dual of this construction. For any Abelian group G
and n 4 1 parameterized curves

XT:G—>C’TC@", r=20,1,...,n,
some of which may coincide, we introduce the following two properties.

P1 Any distinct points Xy, (g1); Xrs(92)s - - -, X (gn) corresponding to distinet indices
0<r <ry<---<r, <nspan a hyperplane.

P2 Any distinct points xo(go), X1(91), - - -, Xn(9x) lie in a hyperplane if and only if
gU+gl+"'+gn:0~

The following proposition is the dual version of Proposition 5 in [17], and it shows how
one can construct generalized principal lattices of any degree from such a system of
curves.

Proposition 17. Let be given an Abelian group G and n+1 parameterized curves x, :
G—C,CP"r=0,1,...,n, satisfying properties P1 and P2. Let gy, g1,...,Gn,0 €
G be such that go + g1 + -+ + g +md = 0. If the (n + 1)(m + 1) points

pi = xr(gr + 19), 1=0,1,...,m, r=0,1,...,n,

are distinct, then the corresponding hyperplanes in dual space define a generalized prin-
cipal lattice of degree m in P".

As an example, let us try to reconstruct the triangular mesh in R? in this setting.
Let G = R and let be given the parameterized curves

Xo: R — Cy C PP, t— [+t:1:1:1],

x1:R— Cy CP3, t—[—t:1:0:0],
XQ:RHCQC@37 t—[-t:0:1:0],
X3 : R — C5 C P, t— [—t:0:0:1].

The Zariski closures of these curves are lines in P3 that meet in the point [1:0:0:0],
the only point not in the image of the parameterizations. Clearly any distinct points
Xr1 (t1), Xrs (t2), Xrs (t3) corresponding to distinct indices 0 < 7y < rp < 13 < 3 are
linearly independent, implying that Property P1 holds for these parameterized curves.
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Moreover, any distinct points xo(to), x1(t1), x2(t2), x3(¢3) lie in a hyperplane if and only
if

+tp 1 1 1

~t; 100
o:@tié()lo = to +t1 + ta + 13,

~t; 0 0 1

implying that Property P2 holds. Let tg = —m, t; = t5 = t3 =0, and § = 1, so that
to+t1 +ta +tz3+md = 0. Define, for i =0, 1,...,m, the points

Y= xo(to+i6) = xo(i —m) =[i—m:1:1:1],

pri=x1(ty +i6) = x1(i) = [—i:1:0:0],
p? = xa(ty +1i6) = xao(i) = [=i: 0:1:0],
p; = xs(ts +1i6) = xs(i) = [-i: 0:0: 1],

Then these points p] are distinct, and the associated planes
HY: 2y + 29+ a5+ (i —m)ag =0,

Hillefixozo, Hf:ngixon H?:ngi:rozo

in dual space define the triangular mesh of degree m in R? (compare Figures 4.4a and
4.4Db).

4.4.4 Pencils of quadrics in space

In order to answer Question 16, we need to know a bit more about the intersection of
two quadrics in P3. In this section, we briefly recall some definitions and facts from
the theory of quadratic forms and pencils of quadrics in P, for n > 2.

Any quadric hypersurface @ C P™ can be represented by an (n + 1) x (n + 1)
symmetric matrix M, unique up to scalar multiplication, as the zeroset () = {x epr .
oMz = O}. The rank of the quadric @ is the rank of any representing matrix //. One
verifies directly that @ is singular if and only if M is singular. In fact, the singular
locus of @ coincides with the kernel of M.

How is such a representation affected by a projective change of coordinates? Any
projectivity P* — P™ can be represented by an (n + 1) x (n + 1) invertible matrix
A, unique up to scalar multiplication, as a map x — y with Ay = x. One finds that,
in terms of the new coordinates y = A~'x, the quadric Q : 2'Mx = y*A'M Ay = 0 is
represented by the matrix A*MA. Since M is symmetric, there always exists a real
projectivity with orthogonal matrix A for which A*M A is a real diagonal matrix (see
[68, Theorem 10.19]).

Let X C P™ be the complete intersection of two quadric hypersurfaces @1, Q2 C P™.
For any nonsingular matrix

[Al AQ}, (4.12)
M1 M2
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the variety X can equally well be represented as the complete intersection of the
quadrics A\;@Qq + A2@Q2 and Q1 + p20)e, where we denote a quadric hypersurface
and its quadratic form by the same symbol. To remove this ambiguity, we consider the
pencil of quadrics P = {\Q1 + XaQ2 : [\ : Xo] € P} and define X as the base locus
ﬂer @. In this case, we say that P is generated by Q1 and Q.

To examine all possible base loci obtained in this way, we sometimes need to consider
the complexification of P, which is simply the set P¢ of all complex linear combinations
of the equations of the quadrics in P. That is, for P generated by @; and Q-,

Pe={MQ1 + M@y : [\ : A € PL}.

Consider a pencil P generated by two quadrics @1, Q2 whose general member is
a nonsingular quadric. One defines the discriminant of the pair (Q1,Q2) as A =
det(sQ; + tQ,), which is a homogeneous form in the coordinates [s : #] on P! of
degree 4. Whenever ), is nonsingular, A is, up to multiplication by a scalar, the
characteristic polynomial of @,Q5" in the variable A := —t/s. Every singular quadric
in the pencil P corresponds to a factor of A, and we can define the multiplicity of each
singular quadric in P as the multiplicity of this factor in A. Note that this definition
is independent of the choice of the generators Q1,2 of P. The multiplicity will be
useful in distinguishing projectively inequivalent pencils in Table 4.4.

The pencils Pc of quadric hypersurfaces in P¢ with nonsingular general member are
classically classified in terms of the Segre characteristic [8, Section III.18] [81, Section
6.5], which is defined as follows. Let P¢ be any pencil of quadrics in P¢ generated by
two linearly independent quadrics Q; : z*Mix = 0 and Qy : z* M,z = 0, of which Q, is
nonsingular. Suppose that the matrix Q;Q, " has eigenvalues A, . .., A\, with algebraic
multiplicities my, . . ., my. Additionally, suppose that the Jordan normal form of @, Q5"
has, corresponding to each of its eigenvalues A;, [; Jordan blocks

AN 10 -0
0o N 1 - :
0 0 X 0
0 -~ 0 0 N
with sizes s} > s2 > .- > sf Then the Segre characteristic of Pc, or characteristic

for short, is defined as the symbol
[(éisi . 3111) (bésg .. 3122) .. (Sisi .. 32{6)]’

where we leave out the parentheses for eigenvalues with only one Jordan block (c.f.
[81, Section 5.5]). This definition can be shown to be independent of the choice of the
generators Q1 and @, of a given pencil. For instance, if n = 3 and Q;@Q;" has Jordan
normal form

A 110710
0 A]0|0
0 0 )\1 0 ) )\1 # )\27
0 010X
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characteristic description of the pencil and its base locus

an elliptic normal curve

[1111] four distinct cones in the pencil with vertices in general position
211] a nodal q‘uartic
all quadrics touch at the node
a cuspidal quartic
[31] the quadrics have stationary contact at the cusp
a twisted cubic and a secant
[22] the quadrics touch at the points of intersection
[4] a twisted cubic and a tangent
(1] a double ‘com'c . ‘
all quadrics touch along the conic (ring contact)
(] two conics in different planes and meeting in two distinct points

all quadrics touch at these points

two conics in different planes and meeting tangentially
all quadrics have stationary contact at the point of contact

[(21)1]

two lines and a conic intersecting at three points,

2(D)] at which the quadrics touch
[(31)] two lines and a conic touching the plane of the lines at the intersection
[(211)] two mter.secting lines counted ty)z'ce
all quadrics touch along these lines
[(22)] a double line meeting two (single) lines at distinct points
[(11)(11)]  four lines arranged as a skew quadrilateral

Table 4.2: Complex equivalence classes of complex pencils of quadric surfaces in P? with
nonsingular general member by Segre characteristic. (The Segre characteristic [(1111)]
is omitted, as it does not correspond to a proper pencil.)

then the corresponding Segre characteristic is [(21)1].

Consider pencils P¢ generated by quadrics Q1,Q2 C P¢ and Pg generated by
quadrics @, Q5 C Pg, where

Qi x*'Max =0, Q) :z'Mx=0, M;, M| € ClntDx(ntl) i=1,2.

The pencils P¢c and Pg are said to be compler equivalent, if there exists a complex
projectivity of P& with matrix A € CFU*(+D guch that M] = A*M;A and M} =
A*MyA. Similarly, real pencils are said to be real equivalent whenever they can be
transformed into each other by a real projective change of coordinates. From [81,
Section 6.4] we have the following theorem.

Theorem 18. Two pencils Pc and P¢ of quadrics in PE with nonsingular general
member are complex equivalent if and only if their Segre characteristics coincide.

Let us apply this result to the case n = 3. From [81, Sections 6.5] and [8, Section
II1.18], it is known that the pencils of quadric surfaces in P3 with nonsingular general



4.4. GENERALIZED PRINCIPAL LATTICES IN SPACE 81

characteristic  description of the pencil and its base locus figure
1] four points of intersection, @
no three of which are collinear
21] three points of intersection, @
all quadrics have simple contact at one of them
[(11)1] two points of intersection, @
all quadrics have simple contact at both of them
3] two points of intersection, @
at one of which all quadrics have contact of the second order

one point of intersection,
[(21)]

at which all quadrics have contact of the third order

Table 4.3: Complex equivalence classes of complex pencils of conics in P? with non-
singular general member by Segre characteristic. (The Segre characteristic [(111)] is
omitted, as it does not correspond to a proper pencil.)

member are as in Table 4.2. What about the remaining case of pencils whose general
member is singular? Whenever a pencil Pc contains a nonsingular quadric @)1, then
continuity of the determinant function ensures that Pc contains a continuous family of
nonsingular quadrics {Q1 + tQ2}.c(0,) for some other quadric Q2 € P and for some
e > 0. It follows that the discriminant of () and @9 is well defined and that P¢
contains at most four singular quadrics. If P¢ is a pencil whose general member is
singular, therefore, all of its members must be singular. From [8, Section II1.17.5] we
have the following theorem.

Theorem 19. Let P be a pencil of singular quadrics, no two of which have a singular
point in common. Then these vertices lie along a straight line L that is contained in
each of the cones, and the cones have a common tangent plane along L. The base locus
of Pc is the union of the double line L and a conic.

If, on the other hand, P¢ is a pencil of singular quadrics in which two quadrics
share a singular point, then this point must be a singularity of the other quadrics in
Pc as well. After a projective change of coordinates, we can assume this point to be
[0:0:0:1]. Then each quadric in Pc is represented by a matrix of the form

x x x 0
* % x 0
* % % 0f7
0000

and the study of pencils of this type reduces to the study of pencils of conics in P2. By
[81, Section 6.3] and [8, Section III.15], it follows that the base locus of Pc is either
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the cone over one of the configurations of points of Table 4.3, or the cone over the base
locus of a pencil of conics in P% with singular general member.

The situation is slightly more complicated over the real numbers, as two pencils
with the same Segre characteristic might not be related by a real projective change
of coordinates. Every complex equivalence class of pencils is partitioned into real
equivalence classes of pencils. This gives rise to real curves of different type but with
equal Segre characteristic.

Which of the base loci in Tables 4.2 and 4.3 do not have the potential to satisfy
property %? Any double conic (characteristic [(111)1]) or intersection of two double
lines (characteristic [(211)]) is contained in a plane and can therefore not satisty Prop-
erty % by Example 10. Moreover, a double line meeting two single lines at distinct
points (characteristic [(22)]), the singular case of Theorem 19, the cones over the con-
figurations with at most three points in Table 4.3 (characteristics [21], [(11)1], [3], and
[(21)]), and the cones over the base locus of a pencil of conics in P4 with singular gen-
eral member are not reduced. By Example 11, they can therefore not satisfy Property
*.

In Section 4.4.5, we exhibit two continuous families of parameterized real elliptic
normal curves, each of which satisfies Properties P1 and P2. In Sections 4.4.6 —
4.4.9, we obtain for each of the remaining base loci C' a convenient coordinate system,
in which we can find parameterizations of the components of C' satisfying Properties
P1 and P2. In each case, Proposition 17 implies that C satisfies Property . These
results are summarized in Table 4.4.

4.4.5 Elliptic normal curves

Just like one can equip any real plane elliptic curve with a group structure that encodes
collinearity of its points, one can embed any real elliptic curve into P in such a way
that its group structure encodes cohyperplanarity of its points. From [75, Ex. 3.11],
we have the following proposition in the complex case.

Proposition 20. Let E¢ be an elliptic curve with distinguished point O, and choose a
basis fo, ..., fn for the Riemann-Roch space E((n + 1)0). Forn > 2, the map

X : BEc — P", t— [folt) - fult)]

is an isomorphism of Ec onto its image that embeds E¢c as an elliptic normal curve
of degree n + 1. Moreover, identifying Ec with its image, any n + 1 distinct points
Py, ..., P, € Ec lie in a hyperplane if and only if Bb® --- ® P, = O.

Let E¢ be an elliptic curve isomorphic to the torus C/A, where A = wiZ & woZ.
The space E((n + 1)0) is the vector space of meromorphic functions on E¢ with a
pole of order at most n + 1 at O and no other poles. Let p(z) be the Weierstrass
function associated to A. As the meromorphic functions on E¢ form a field isomorphic
to C(p(2), ¢'(2)) [75, Theorem VI.3.2], one can write down a basis for £((n + 1)O) in
terms of p(z) and ¢/(z). Keeping in mind that g2 = 4p% — gop — g3 and that p¥ has
a pole of order i + 2 at zero, one finds a basis {fo,..., fn} = {1, 0, ¢, 0% ¢'p, °, .. .}.

Alternatively, we can choose the basis { fo, ..., fu} = {17 o, 0, ..., @(”‘”} ofﬁ((n+
1)0). Distinct points x(20), x(21), - - -, x(2n) of x(E¢) lie in a hyperplane if and only
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they are linearly dependent. Multiplying the coordinates of x(z) by 2", we remove

the poles without introducing additional zeros. The following proposition is a general-
ization of the General Addition Theorem for Weierstrass functions.

Proposition 21. Let p(z) = p(z;A) be the Weierstrass elliptic function with respect
to some lattice A C C. Then, for any complex numbers 2y, z1, . . . , z, not differing from
each other by an element of A,

n+1 "+1@(21) Zc’fﬁ@'(%) n+159(" Y(z)
ZTl "+1KJ(22) Z?i@'(zl) f+1@(" Y(z1)

A=det |57 BTp(m) BT(0) o 5t @(" D(z)| =0 (4.13)
erzH—l erzH—lp(Zm) erzH—lp/(zn) e Z;LH_IW(H_I)(ZTL)

if and only if 2o+ 21+ -+ 2, =0 mod A.

Before we proceed with the proof, we introduce, following [86, p. 447], the Weier-
strass sigma function as the Weierstrass product

o(z)=a(z0) == [] [(1 - 5) exp (f} + f;)} :

0AweA

which can be shown to converge absolutely and uniformly in any bounded domain of
values of z. Then p(z) = —%4 One can show that o(z) is an entire function
whose zeros are located at the lattice points w € A, each of which has order one.

Any elliptic function can be factorized into a product and quotient of o functions
[50, p. 406]. The idea of the proof below is to use such a factorization for the elliptic

function A/(z] (R USRI - 2m1) to get ahold of its zeros.

Proof. From [86, p. 458] and [37, p. 179], we have the Frobenius-Stickelberger addition
formula

L p(z0) ¢'(20) =1 (z

L p(z1) ¢'(21) (2
det |1 9(22) ¢'(22) PV ()

1 p(z) ) - 90 D(z)

B T PO o ek e skt ) [T oCi—=)
n+1 z J
(U(ZO)U(ZI) T U(Zn)) 0<i<j<n

for any n > 0. In particular for zy, 21, . .., z, as in the proposition, the determinant A
from Equation 4.13 vanishes if and only if

(a(zo)?(z;.)...ﬁng(zn))NH oo+ z+-+z) [[ olz—z)=0

0<i<j<n

Since o(z) is an entire function with only zeros of order one at z =0 mod A, the quo-

tient W and factors o(z; — z]) are nonzero complex numbers. We conclude
that A Vanlsiles ifand only if 29+ 21 +---+ 2, =0 mod A. |



84 CHAPTER 4. GENERALIZED PRINCIPAL LATTICES

Let us apply these results to find real elliptic normal curves £ C P? that satisfy
Property %. By [28, p. 456], F is the base locus of some pencil P of quadrics
spanned by two real quadrics Q,Q" C P3. By [81, Section 6.5], there are precisely
four singular quadrics Qq, @1, @2, @3 in the complexified pencil P¢, each a rank 3
cone of multiplicity 1. These singular quadrics correspond to the linear factors of
the discriminant of the pair (Q,Q’), which is a homogeneous form P := det(sQ +
tQ") of degree 4. There are therefore three possibilities for the four singular quadrics

Q07 Ql7 Q27 Q3 Either
(1) all four belong to P, or

(2) two of them belong P and two of them form a conjugate pair in Pc\P, or
(3) none of them belongs to P and they form two conjugate pairs in Pc\P.

Clearly these three categories are left invariant under changing coordinates by a real
projectivity of P3. The examples given in the next two sections fall into the categories
(1) and (2), and we are not quite sure what role the third category plays. In the second
case the discriminant of P is negative, while it is positive in the first and third cases,
suggesting that the categories (1) and (3) somehow belong together. These categories
are therefore grouped together into one category in Table 4.4a.

Elliptic normal curve with one real connected component

Let A = i Z®wsrZ C C be a lattice with wy,iws € R, and consider the complex elliptic
curve Ec = C/A with distinguished point O = 0+ A. Applying Proposition 20 to the
basis {1, p(2), ¢'(2), p*} of L(40), we obtain a map

X : Ec — Pg, 2 [1:p(2) : ¢/(2) : 7] (4.14)

that embeds E¢ as the elliptic normal curve in P that is the base locus of the pencil
Pc generated by the quadrics @y : wz — 22 = 0 and Q5 : y? — 4x2 + gpww + gsw? = 0,
with go = go(A) and g3 = g3(A) the Weierstrass invariants of Ec. The singular quadrics
in this pencil correspond to the factors of

00 02 95 392 0 0
0 -4 00 g2 0 0 =2 ]| 3 2 3

det | s o0 ool T% o 1 o = 4t(4s” — gost® — gst®). (4.15)
2 0 00 0 -2 0 0

By Proposition 20 the curve E¢ is embedded normally, implying that it cannot be
contained in the union of two planes. All singular quadrics in Pc must therefore be
rank 3 cones. Since E¢ is nonsingular, the modular discriminant A(A) := g3 — 27g2 is
nonzero. If A(A) < 0, then two of the cones in P¢ are elements of P, while the other
two cones are not. If A(A) > 0, on the other hand, then all four cones belong to P.
Alternatively, the basis {1, p(z), '(2), ©"(2)} of L(40) yields the embedding

X" Ec — IP’%, Z— [1 cp(2) @ (2) p"(z)}. (4.16)

How is this embedding related to the embedding x'? Differentiating the identity @2 =
403 —gap—g3 = 0, one finds that p satisfies the differential equation " = 6p?— % go = 0.
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It follows that the curves x'(Ec) and x”(Ec) are related by the real projectivity of P3
with matrix

NiE O O —
oo~ o
o~ oo
oo oo

—1g,

Let 7 : P2 — P2 be the projection from the point [0: 0: 0 : 1] € E¢ onto the plane
z =0, and let ¢ : Ec — P% be the embedding defined by z — [1 : p(z) : ¢/(2)].
Then there is a commutative diagram

Ee X p3 (4.17)

Nl

]P;Z

and the restriction of  to x'(Ec) is an isomorphism 7’ : X'(Ec) — ¥(E¢). The latter
curve is given by the Weierstrass equation wy? = 42% — gow?x — gsw?. It follows that
the real elliptic normal curve £ C P? defined as the base locus of the real pencil of
quadrics generated by @ and @2 has one real component if A(A) < 0 and two real
components if A(A) > 0.

Suppose A(A) < 0. Identifying S' ~ R/w;Z, the restriction x1 = X'|r/wz : S' —
E is a parameterization of the only real connected component of E C P3. It follows
directly from Proposition 20 that the four coinciding parameterized curves x; : St —
E have Properties P1 and P2. We conclude that E is a curve that satisfies Property
*.

As an example, let w; and wy be such that go = 0 and g5 = —4. Then A(A) < 0,
and the discriminant of Q; : wz — 2? = 0 and Q5 : y? — 4wz — 4w? = 0 from Equation
4.15 factors as 16t(s +t)(s% — st +12). We find two rank 3 cones @1, Q; — Q- in P and
a pair of complex conjugated rank 3 cones in Pc\P. In the chart w = 1, the quadrics
@1, @2, and the base locus E of P can be visualized as follows.

Elliptic normal curve with two real connected components

Suppose A(A) > 0 and identify S! ~ R/w;Z. The curve E has two real connected
components, one of which is parameterized by x; : S' — E. By the commutative dia-
gram from Equation 4.17 and by Section 4.3.10, the other component is parameterized



86 CHAPTER 4. GENERALIZED PRINCIPAL LATTICES

by the map x : S' — P? defined by ¢ — X/(t + sws). These two parameterizations
can be combined into a single parameterization

gl xa(t) = x'(t) ifa=0
X:8 X2y — E, (t’a)H{XQ(t)—X’(t—O—éwz) ifa=1

By Proposition 20, any four points x (o, ao), X (t1, a1), x(t2, a2), x(t3, a3) are coplanar
if and only if ¢+ ¢, +ta + 3+ (ag + a1 +as +a3)%w2 =0 mod A, which happens if and
only if tg +t1 +t2 +t3 =0 mod w; and ag + a; + az + a3 =0 mod 2. We conclude
that the four coinciding parameterized curves y : S' x Zy — FE satisfy Properties
P1, P2 and that E is a curve that satisfies Property .

As an example, let w; and wy be such that go = 1 and g3 = 0. This is sometimes
called the lemniscatic case [1, Section 18.14]. Then A(A) > 0, and the discriminant
of Q1 : wz — 2% = 0 and Q, : ¥ — 422 + wr = 0 from Equation 4.15 factors as
4st(2s —t)(2s +t). We find the four rank 3 cones Q1, Q2,2Q1 + Q2,201 — Q2 in P. In
the chart w = 1, the quadrics @)1, ()2, and the base locus F of P can be visualized as
follows.

4.4.6 Singular irreducible quartics

There are two types of singular irreducible curves Cc C P of degree 4 and arithmetic
genus 1, namely the cuspidal quartic (corresponding to characteristic [31] in Table 4.2)
and the nodal quartic (corresponding to characteristic [211] in Table 4.2). Similarly
to the situation in the projective plane, there are two types of real curves C C P?
whose complexification Cg C P2 is a nodal quartic. The real curve C is said to have a
crunode if the tangent cone at the singularity of C¢ comprises two real lines, and C' is
said to have an acnode (or isolated point) if the tangent cone at the singularity of C¢
comprises a pair of complex conjugated lines.

Irreducible quartic with a cusp

Suppose C' C P? is an irreducible curve of degree 4 with a cusp at Q. Then C is
rational and has only one real component. There exist a rational normal curve C’ C P*
of degree 4 and a linear projection 7 : P* — P3 whose projection center P lies on a
tangent line L of some point Q' of C” for which 7(C") = C and 7(Q’) = Q. We can
assume C” is the standard rational normal curve of degree 4 parameterized by

¢: P — C' C P [s:t] — [s*: 8% % 0 st 1 4], (4.18)
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The following lemma states that we can move around any three points on such a
curve by changing coordinates by a projectivity.

Lemma 22. Let C' C P™ be a rational normal curve of degree n > 1. For any six points
Py, Py, Py, P{, P}, P} € C, there exists a real projectivity 1 : P — P" that restricts to
an automorphism ¢|c : C — C and maps P; to P} fori=1,2,3.

Proof. After applying a projective change of coordinates, we can assume that C' is the
standard rational normal curve of degree n parameterized by

¢:P'— C C P, [s:t] — [s" 8" Moo nst™ ). (4.19)

By the fundamental theorem for projectivities, there exists a projectivity ' : P! — P!
that maps ¢~ '(P;) to ¢ '(P/) for i = 1,2,3. Let ¢ : C — C be the associated
automorphism that makes the diagram

]P)l L C(% P

ol |

]Pal T)C% pr

commute. Let us show that this automorphism ¢ can be lifted to a projectivity of P™.
If [s": '] := ' ([s : t]) is given by the matrix multiplication

s\ la bl s

| e d||t]’
then s %% = (as + bt)" *(cs + dt)* for k = 0,...,n and 1 is given by the matrix
multiplication

g a” nanflb .. K ey
sy a" e a"td+ (n—1)a"2be - V| [
t" c nc"~ld R "

The above matrix is invertible, and its inverse is found by substituting

a b L 1 d —b

c d ad —be |—¢ a |’
We conclude that 1 can be lifted to a projectivity P — P™ that satisfies the conditions
of the lemma. O

As a consequence of this lemma, we can choose @ =[0:0:0:0: 1]. The point P
will have moved along to some point [0: 0: 0 : a : b] on the tangent line to C" at Q'
The projectivity of P! with matrix

5 i
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induces a projectivity of P* with matrix

256b* 0 0 0 0
—64b*  256ab? 0 0 0
166* —128ab®  256a%b> 0 01,
—4p* 48ab® —192a%b®>  2564°b 0

bt —16ab? 964> —256a%b 256a*

which restricts to an automorphism of C’ that maps @’ to itself and Pto [0:0:0:1:
0]. We may thus assume that

Zo

N 1000 0] o
1 1
f 01000 T
. md 3 _ |+
TP = P z?H00100§?_x2
x*‘ 00001; T4
4 4

Restricting the composition 7 o ¢ : P! — P? to the affine chart defined by s = 1, one
finds a parameterization

x: R — Cy, tr—>[1:t:t2:t4].

It follows that C'is the base locus of the pencil of quadrics spanned by the rank 3 cones
Qr:wy—2>=0and Qy: wz —y?> =0. As

0 0 50 00 0 3

0 -1 00 00 0 Of|_ 14
det S% 0 00+t00—10 = ——st°,

00 00 30 0 0

Q1 appears with multiplicity 3 and @5 with multiplicity 1 in this pencil, and there
are no other singular fibers. In the chart z = 1, the objects @, @2, and C can be
visualized as follows.

Any four distinct points x(to), x(¢1), x(t2), x(t3) on Cys are coplanar if and only if

1ty 63 t8
1t 2t}
O=det |, ' 4 il =(to+ti+ta+ts) [[ -1,
1oty t2 14 i<y
1ty 2t =

which happens precisely when to+t +ty+t3 = 0. It follows that x induces a topological
group structure on Cs and that the four coinciding parameterized curves x : R — C'
have Properties P1 and P2. We conclude that C is a curve that satisfies Property .
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Irreducible quartic with a crunode

Suppose C' C P? is an irreducible curve of degree 4 with a crunode at . Then there
exist a rational normal curve C’ C P4 of degree 4 and a linear projection 7 : P* — P3
whose projection center P lies on a line L that meets C' in two points Q}, Q% for which
m(C") = C and 7(Q)) = 7(Q%) = Q. By Lemma 22, we can assume that C’ is the
standard rational normal curve parameterized as in Equation 4.18, Q1 =[1:0:0:0:
0, Q2=[0:0:0:0:1],and P=1[a:0:0:0:b] for some a,b # 0.

The projectivity of P! with matrix

|a|—1/4 0
0 o1

induces a projectivity of P* with matrix

|a| ™! 0 0 0 0
0 a|=3/4p|1/4 0 0 0
0 0 |la|~2/4b|2/4 0 0
0 0 0 la|~Y4p|73/4 0
0 0 0 0 |b|~1/4

which maps C” to itself, leaves Q] and Q% invariant, and maps P to [1:0:0:0: £1].
The projection 7w then becomes

Z(l) 1000 F1 i? To F T4
TPt — 3 To| — 01000 To| = T1
' 2 0010 0 2 T9
3 0001 0]|™ 3
Ty L4

Let ¢ : R* — P! be the inclusion defined by ¢ — [1 : ]. The composition
X i=mogor: R" — Cy, t|—>[1:Ft4:t:t2:t3]

parameterizes the nonsingular points of C'. It follows that C' is the base locus of the
pencil P of quadrics spanned by Q1 : 2z — 4% and Q3 : 22 — wy F 22 = 0. As

00 0 0 0 0 —3 0

00 0 1 001 0 0] _1o(Lly,
det [ s 00 -1 0 +t _% 00 o0 —4t 48 +t° ),

03 0 0 00 0 TFI

the rank 3 cone )y appears with multiplicity 2. In case of the “lower sign”, there are
two additional singular fibers in P, each a rank 3 cone of multiplicity 1. In case of the
“upper sign”, there are no other singular fibers in P (but there are two additional rank
3 cones of multiplicity 1 in Pc). In the chart w = 1, the objects Q1, @2, and C can
be visualized as follows (the left figure corresponding to the upper sign and the right
figure to the lower sign).



90 CHAPTER 4. GENERALIZED PRINCIPAL LATTICES

Any four distinct points x'(¢;), ¢ = 0, 1,2, 3, are coplanar if and only if

Lt tg 2 8
1+t 4 2
0:®t1ié bt%é = (1 T tylotsty) rI@f%J

1+td ¢ 2 £ Osi<I=s

Precomposing x’ by the homeomorphism ¢ : R x Zy — R* defined by (u,a) —
(=1)%", we find a parameterization x := x’ 01 : R X Zy — Clys given by

(u,a) — [LT£e™: (=1)%" : e* : (—1)%*]
that turns Cys into a topological group. Any four distinct points x(ug, ao), x(u1, a1),
X (u2, as), x(us, az) on Cy are coplanar if and only if
(_1)ao+a1+a2+aseuo+u1+u2+u3 = +1.
In case of the upper sign, one finds that the four coinciding parameterized curves

X : R x Zy — C have Properties P1 and P2. In case of the lower sign, the three
coinciding parameterized curves

R — C, u— x(u,0)
and the parameterized curve
R—C, ur— x(u, 1)

together have Properties P1 and P2. We conclude that in each case C is a curve that
satisfies Property .

Irreducible quartic with an acnode

Suppose C' C P3 is an irreducible curve of degree 4 with an acnode at ). Then there
exist a rational normal curve C’ C P* of degree 4 and a linear projection 7 : P* — P3
whose projection center P lies on a line L that meets Cf in two complex conjugated
points Q',Q for which 7(C") = C and 7(Q') = 7(Q') = Q.

Similar to Lemma 22, the following lemma states that we can move around any
pair of complex conjugated points on C¢ by a real projectivity.
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Lemma 23. Let C' C P" be a rational normal curve of degree n > 1 and Cc C Pg
its complexification. For any two pairs (P, P1), (P2, P2) of complex conjugated points

in Cg, there exists a real projectivity ¢ : Pg —> P¢ that restricts to an automorphism
Y| : C — C and maps Py to Py and Py to Ps.

Proof. After changing coordinates by a real projectivity, we can assume that C' is the
standard rational normal curve of degree n parameterized by the map ¢ from Equation
4.19. For i = 1,2, the point P; is nonreal and corresponds to a point [a; + fi : 1] :=
¢~ (P;) € Pt with 8; # 0. The real projectivity ¢’ : Pt — Pf with matrix

[52/51 Qg — 04152/51]
0 1

maps [ag & Byi: 1] toiag + B : 1] and induces an automorphism v : Cc — C¢ that
maps P, — P, and P —— P for which the diagram

P LN Cc—— Pg

d ]

P — Cc—— Pg

commutes. As in the proof of Lemma 22, this automorphism 1) can be lifted to a real
projectivity P¢ — P¢ satisfying the conditions of the lemma. O

As a consequence of this lemma, we can assume that C’ is the standard rational
normal curve parameterized as in Equation 4.18,

Q=9¢i:1))=[1:—i:—-1:3:1], Q=¢(—i:1])=[1:i:—1:—i:1],

and P=a:b:—a:—b:a]. Suppose a =1 and let « be one of the (real) roots of the
polynomial

1 — dbt — 612 + 4bt* + ' = (t2 + (VI + 14 b)t— 1)(t2 +o(VRR+1—b)t— 1) .
The projectivity of P! with matrix
1 —«a
a 1

induces a real projectivity of P& with matrix

1 —4a 6 o —40? at
a —3a%+1 3a® —3a —o*+3a% —ab
a2 =202 +2a a*—4a’+1 2a3—2a o
o —a*+3a? -3a+3a -3a2+1 —a
at 403 6 a? 4o 1
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that leaves the points Q' ,@l invariant and moves P to [0 : 1 :0: —1 : 0]. We may
therefore assume that

Ty ]

. 01010 x T+ 23
1 1
10000 x
. pé 3 _ 0
Pt — P, ig — 00100 ig 2
s 000017 4
Xy Ty
From the parameterization
X =mo¢: P — Ci, [5:t] — [s%t 4 st® 1 st 8212 Y]

one obtains that C' is the base locus of the pencil P of quadrics spanned by @Q; :
v —22=0,Qy:w? —ay — 2y* —yz =0. As

0 0 0 O 1 0 0 0

0 0 0 -1 00 -1 of| 1t )
det | s 00 1 olttlo L5 | = Z(S t)*st,

0 -10 o0 00 -1 o0

the singular quadrics in P are (1, @2, both rank 3 cones of multiplicity 1, and a third
rank 3 cone Q3 = @1 + @2 of multiplicity 2. In the chart z = 1, the objects @1, @3,
and C' can be visualized as follows.

Four distinct points x'([s; : t;]),% = 0, 1,2, 3, are coplanar if and only if

3 3 A4 242 44
sgto + sotg sg sgtg tg
0 = det sity + sty sy sty tp| (sit; — s5t;)
=de 3 3 4 242 | = Sitj — S5t
Soto + Saty S5 Sty ty 11
34 B ol 22 8 0<i<j<3
s3ly + s3ty  S3 s3ly 13

x ((sot1 + s1to) (s2s3 — tats) + (sats + ssta)(ses1 — tot1)),

which happens if and only if the latter factor is zero. Identifying S' with P! by the
homeomorphism ¢ : S' — P! defined by 6 — [cos(6/2) : sin(6/2)], this factor is zero
if and only if

. (b O Oy 03 . (02 05 b b
sin <2 + 2) coS (2 + 2) —+ sin (2 + 2) coS (2 + 2)
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_sin<90+91+62+93>—0 — 0o+ 01 + 65+ 03 =0 mod 2,
2 2 2 2

where we made use of the angle-sum trigonometric identities. It follows that x = x’ o
induces a topological group structure on Cy,s and that the four coinciding parameterized
curves x : R — C' together have Properties P1 and P2. We conclude that C' is a
curve that satisfies Property .

4.4.7 TUnion of a cubic and a line

Let C C P? be the union of an irreducible cubic C' and a line L. If C is the com-
plete intersection of two quadrics, then C’ is a twisted cubic and L is either a secant
(corresponding to characteristic [22] in Table 4.2) of C” or a tangent (corresponding
to characteristic [4] in Table 4.2) to C". After changing coordinates by a projectiv-
ity, we may assume that C’ is the standard twisted cubic in P? [29, Theorem 6.8].
Parametrically, C’ is given as the image of the map

¢ Pt — P, [s:t] — [s°: 5%t 2 st” 1 17, (4.20)
and implicitly C” is the base locus of the net of quadrics spanned by
Qr:wy — a2 =0, Qy:xz—y? =0, Q3 :wz—xy=0.

The singular quadrics s@Q1 + tQ2 + u@3 in this net are those for which

0 0 30 00 0 0 o 0o o 1
0 -1 00 00 0 3 00 —3 0
detisie o ool "o 0 —1 0] "0 ~1 0o o
0 0 00 04 0 0 $ 0 0 0
_1 2\2
—16(5tu)—0

and are therefore parameterized by the points of the double conic C° : (st — u?)? = 0.
Since the twisted cubic is not contained in a union of two planes, every such singular
quadric is a cone of rank 3.

As the complete intersection of two quadrics is a curve of degree 4, the base locus
of any pencil P containing C’ is the union of C’ and some line L. The pencil P
corresponds to a line LY of points [s : ¢ : u] € P2. One can thus distinguish three types
of pencils:

(1) L° cuts C° in two distinet points with multiplicity 2.
(2) L touches C° in one point with multiplicity 4.
(3) LY is disjoint from C°.

In case (1), the vertices Pi, P of the cones in P are double points of C'UL, implying
that L cuts C” (transversely) in P;, P, and therefore that L is a secant of C’. This is
the case of characteristic [22] in Table 4.2.
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In case (2), the vertex P of the cone in P is the only singularity of C'U L, implying
that L cuts C” (tangentially) in P and therefore that L is a tangent of C’. This is the
case of characteristic [4] in Table 4.2.

As before, let us denote the complexification of any real curve C' by attaching
the symbol C as a subindex. In case (3), the complex line L cuts C2 in two complex
conjugated points with multiplicity 2. This is the case of characteristic [22] in Table 4.2.
It follows that the complexication P¢c of P contains two singular fibers of multiplicity
2, rank 3, and with conjugated equations. These cones have conjugated vertices P, P
that are double points of Cg, implying that L¢ cuts Cf in P, P, and therefore that Lc
is a secant of Cf, whose real part L is disjoint from C".

A twisted cubic and a real secant

Suppose that L is a real secant of C’. That is, C’ and L meet in two real points Py, P,.
By Lemma 4.19, we can assume that P, =[1:0:0:0], P, =[0:0:0: 1] and therefore
that L : © = y = 0. Then C is the base locus of the pencil P of quadrics spanned by
Q1 and Q2. The singular fibers in this pencil correspond to the factors of

0 0 % 0 00 0 O

0 -1 0 0 00 O % 1 5,
det | s % 0 0 0 +t 00 -1 0 Est.

0 0 0O 0 % 0 0

It follows that the general fiber in this pencil is a smooth quadric and that there are
two rank 3 cones in P, each of multiplicity 2, with vertices at P, and P,. The following
image shows C' as the intersection of these cones @1, Qs in the chart w = 1.

The two components of the open set C'\{P;, P,} can be parameterized by precom-
posing ¢ by the map R x Zy — P! defined by (¢,a) — [1 : (=1)%], resulting into
a homeomorphism y; : R x Zy — C'\{Py, P,}. We wish to find a homeomorphism
X2 : R x Zy — L\{Py, P,} sending ({,a) — [1: 0:0: f(¢,a)], compatible with x; in
the sense that

]. 0 0 f(t07 CL())
1 (_1)(1 et1 eZtl ( 1) 3t1
det 1 (_l)aze thz ( 1)age3t1
1 ( 1)aget3 eZtg ( 1)1136(“3
_ ((_1)alet1 _ a2et2)( a2 t2 _ (_1)1136753)
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X ((_1)a3et3 _ (_1)alet1) ((_1)a1+a2+a38t1+t2+t3 _ f(to,ao))

is zero if and only if either two of the pairs (¢1,a1), (ta, a2), (t3, a3) coincide, or ag +
a; +ag+az =0 and ¢y + t; + to + t3 = 0. Clearly f(to,a0) = (—1)™e™" satisfies this
condition. Moreover, any three rows in the above matrix are independent (as long as
they correspond to distinct points). It follows that the three coinciding parameterized
curves Y1 : R X Zy — (” and the parameterized curve ys : R X Zy — L together
have Properties P1 and P2. We conclude that C' is a curve that satisfies Property %.

A twisted cubic and a tangent

Suppose that L is a tangent of C’. By an argument similar to that of the previous
section, we can assume that L : y = z = 0 is the tangent line to the point P=[1:0:0:
0] of C’. Then C' is the base locus of the pencil of quadrics spanned by Qy : 2z —y?> =0
and Q3 : wz — zy = 0. The singular fibers correspond to the factors of

00 0 0 o0 o0 12

00 0 3 00 —-1o|| 1,
detisto o 10| o -1 o of |T 16"

04+ 0 0 0 0 0

It follows that the general fiber is a smooth quadric. There is one singular fiber of
multiplicity 4, which is the rank 3 cone @, with vertex at P. The following image
shows C' as the intersection of the cone Q2 and the smooth quadric @3 in the chart
w=1.

Precomposing the parameterization ¢ from Equation 4.20 with the embedding
R — P! given by ¢ — [t : 1] yields a homeomorphism x; : R — C'\{P}. We
wish to find a homeomorphism ys : R — L\{P} sending ¢ — [a(¢) : 1 : 0 : 0],
compatible with x; in the sense that

0
B 1
; yo 1 = (ty — ta)(ta — t3)(ts — t1) (t + t2 + t5 — alto))

1

is zero if and only if either two of the t1, 3, t3 coincide, or g+t +to + t3 = 0. Clearly
a(t) = —t satisfies this condition. Moreover, any three rows in the above matrix are
independent (as long as they correspond to distinct points). It follows that the three
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coinciding parameterized curves x; : R x Zy — ' and the parameterized curve
X2 : R X Zy — L together have Properties P1 and P2. We conclude that C'is a curve
that satisfies Property Y.

A twisted cubic and a secant through complex conjugated points

Suppose that C'is the disjoint union of the standard twisted cubic C" and a line L such
that L¢ cuts Cg in two complex conjugated points P, P. By Lemma 23, we can assume
that

P=g¢(i:1))=[-i:=1:i:1], P=¢(—i:1])=[i:—1:—i:1],

and L : w+y = 2+ 2z = 0. It follows that C is the base locus of the pencil P of
quadrics spanned by Qs and Q4 == Q, — Qs : wy — 2% — 2z + y> = 0. The singular
quadrics in this pencil correspond to the factors of

0 0 0 3 00 5 0
0 0 —3 0 0 -1 0 =21 1, 5 o0
3 0 0 0 0 —3 0 0

It follows that the general fiber in P is a smooth quadric, that there are no singular
quadrics in P, and that there are two rank 3 cones of multiplicity 2 in P¢. The following
image shows @3, @4, and C' in the chart w = 1.

As real topological spaces, both L and ¢’ are homeomorphic to S = R/27Z.
Precomposing ¢ by the homeomorphism S' — P! defined by 6 —— [cos(6/2) :
sin(6/2)] yields a homeomorphism

0 0 .0 0 0 50
1St — ', 0 — |cos® = : cos® —sin = : cos = sin® = : sin® ~ | .
2 2 2 2 2 2

Let us write ¢; for cos(6;/2) and s; for sin(6;/2). We wish to find a parameterization
X2 :S'— L, 6 — [a(6o) : —b(6o) : —a(by) : b(6o)]
of the line L compatible with y; in the sense that

a(fo) —b(6o) —a(bo) 5(6;’0)

e sy 183 57

det c3 380 253 s~ 0 (4.21)
3 2 2 3

cy C553 C353 Sy
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if and only if
Og+0,+0,+60:=0, 60,=0, 0, =06, or 0y =03 mod 2.

The determinant can be written as the product of the factor —(c182 — c281)(c183 —
c381)(c283 — ¢3892) and the factor
a(by) [s;;(clcg — 5182) + c3(crs2 + 0231)]

—b(6y) [01(5253 — coc3) + s1(cas3 + 0382)}.
The former factor is zero if and only if two of the angles 61, 05, 03 coincide. Via the
angle-sum trigonometric identities, the latter factor can be rewritten to

0, 0 (6, @
a(by) [—1—53 cos (21 + 22> + c38in <21 + ;)}

0y 0O . (0 O3
—b(6o) [—cl cos (2 + 2) + s18in (2 + 2)]

. (b Oy O3 (0 0y b
= a(t) sin <2 + 5 + 2) + b(6y) cos (2 + ) + 2) .

Choosing a(by) = cos(6p/2) and b(fy) = sin(fy/2) and using an angle-sum trigonometric
identity, we find that the latter factor is zero if and only if

0, 0 0 0
0—sin(2°+21+22+23> — Op+ 0, 40y +0; =0 mod 27.

Note that any three rows in the matrix of Equation 4.21 are independent (as long as
they correspond to distinct points). It follows that the three coinciding parameterized
curves x; : S! — C’ and the parameterized curve yy : S' — L together have
Properties P1 and P2. We conclude that C' is a curve that satisfies Property .

4.4.8 Curves containing a nondegenerate conic

Suppose that C' contains as an irreducible component a nondegenerate conic C;. After
changing coordinates by a projectivity, we may assume that C is the rational normal
curve of degree 2 in P? given parametrically as the image of the map

¢ Pt — P, [s:t]— [s*:st:t?:0]

and implicitly by the equations C; : 22 — wy = z = 0. The quadric surfaces passing
through Cf,

Quubede © 2a(z® — wy) + 2bwz + dexz + 2dyz + 2e2° = 0,

where [a : b :c:d:¢e] € P! form a linear system £ ~ P!. The singular quadrics
Qla:be:dze) i this linear system are those for which

0 0 —a O
. 0 2a¢ 0 2
0 = det M[a:b:c:d:e] = 4(02 —ae — bd)a27 with A{[a:b:c:d:e] = a 0 0 d
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Of these, the quadrics Q[up:ca.e) satisfying ¢ — ae — bd = 0 and a # 0 have rank 3, the
quadrics Q[o:p:c:a:) have rank 2, except for the quadric Qo.0.0:0:1, which has rank 1.

Any pencil P C £ of quadrics through C; corresponds to a line L C P* If we
demand that the base locus C' of P is a curve that defines a generalized principal
lattice, then this leads to some restrictions on L. Clearly L cannot be contained in
the plane a = 0, as this would imply that C' contains the plane z = 0. Moreover,
L cannot pass through [0 : 0 : 0 : 0 : 1], as this would imply that C is contained
in the plane z = 0. It follows that L intersects the hyperplane a = 0 in some point
0:b:c:d:€e #[0:0:0:0: 1], which corresponds to the rank 2 quadric
2z(bw + 2cx + dy + ez) = 0. If the line L were contained in the hypersurface defined
by ¢ — ae — bd = 0, then C' would not be reduced (C' would be the union of C; and
the double line formed by singularities of the cones in P, which is the case of Theorem
19).

According to how L intersects the hypersurface 4(c?—ae—bd)a? of singular quadrics,
the relevant cases from Section 4.4.4 for the complexification C¢ are

(1) two conics meeting in two distinct points (characteristic [(11)11] in Table 4.2),
(2) two conics meeting tangentially in one point (characteristic [(21)1] in Table 4.2),

(3) two intersecting lines intersecting a conic at two points (characteristic [2(11)] in
Table 4.2),

(4) two intersecting lines and a conic touching the plane of the lines at the intersection
(characteristic [(31)] in Table 4.2).

There are two types of real curves C = C} U Cy whose complexification is of type
(1). Either Cy and Cy meet in two real points, or C; and Cy are disjoint but their
complexifications meet in a pair of complex conjugated points.

Two conics meeting in two real points

Suppose that C' is the union of two nondegenerate conics C, Cy that lie in different
planes Hy, Hy and meet in two points P, P». After changing coordinates by a projec-
tivity of P?, we can assume that C) is the standard rational normal curve of degree
two parameterized by

¢:P'— O, C Hy, [5:15]}—)[52:515:152:0], Hy:z=0, (4.22)

and implicitly defined by C; : 22 — wy = z = 0. By Lemma 22, we can assume that
Pr=01:0:0:0]and P, =[0:0:1:0]. As the secant of Cy through these points is
given by z = z = 0, the conic Cs is contained in a plane of the form Hy : x + az =0
for some real number «. Changing coordinates by the projectivity of P? with matrix

oo o
oo = o
o= o o
— o Q0 O
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we can assume that Hy : 2 = 0 and Cy : Bwy + Dwz + Eyz + F2% = x = 0 for certain
real numbers B, D, E, F'. Since C, is nondegenerate, we can assume that B =1 and

0 %+ 1IiD 1
O#det | 2 0 3FE :Z(DE—F).
D g F

Let & denote the sign of this determinant and F := —=. Changing coordinates by the
projectivity of P? with matrix

1 00 E
010 0

0 01 D ’
0 00 VvEDEFF

we can assume that Cy : 22 —wy = x = 0 and that C is the base locus of the pencil P
of quadrics generated by Q; : xz = 0 and Qs : 22 & 2> —wy = 0. The singular quadrics
in this pencil correspond to the factors of

D=

0
1
0 (2 F 42)12.

det S
et | s 16

+t

0

o O OO

o O OO

O Owim O
D=

o O = O

o O O

H- o O O

1

v O O O

The rank 2 cone (1 appears with multiplicity 2 in this pencil. In case of the “upper
sign”, there are two additional rank 3 cones 2Q; + Q2 and —2@Q; + Q2 in P, each
appearing with multiplicity 1. In case of the “lower sign”, there are no additional
singular quadrics in P, but there are two additional rank 3 cones 2iQ); + @2 and
—2iQ1 + Q2 in Pc\P, each appearing with multiplicity 1. In the chart w = 1, the
objects @1, @2, and C can be visualized as follows (the left figure corresponding to the
upper sign and the right figure to the lower sign).

s

The homeomorphism x : R X Zy X Zy — Cys defined by

[ 1 @ (=1)%" : & : 0 ] ifb=0,
(t7a,b)f—>{ [ e 0 ©oEL o (=Dt ] ifb=1.
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induces a topological group structure on Cps. Four distinct points x(¢o, ao, 0), x(¢1, a1,0),
X(to, as, 1), x(t3,as, 1) on Cys are coplanar if and only if

1 (=1)aglo e2 0
1 (=1)meh e 0 o o
0 = det Q22 11 (1)t = ((71) 2e? — (—1) 3et3)

0 ~1)
e2ts 0 +1 (—1)@els
x ((_1)aoet0 _ (_1)a1et1) ( +1— (_1)a0+a1+a2+aget0+t1+t2+t3).

In case of the upper sign, one finds that the parameterized curves
R X Zy — O, (t,a) — x(t,a,0),

R X Zy — Cs, (t,a) — x(t,a, 1),

each counted twice, together have Properties P1 and P2. In case of the lower sign,
the parameterized curves

R — (4, t — x(¢,0,0) (counted twice),

R — (5, t— x(t,0,1),
R—>CQ, t?—)X(t,1,1)7

together have Properties P1 and P2. In each case, we conclude that C' is a curve that
satisfies Property .

Two conics meeting in two complex conjugated points

Suppose that C' is the union of two nondegenerate disjoint conics C7,Cy that lie in
different planes H;, Ho and whose complexifications C ¢, Cyc meet in two complex
conjugated points P, P. After changing coordinates by a real projectivity of P3, we can
assume that C; and H; are as in Equation 4.22. By Lemma 23, we can assume that
P=[-1:i:1:00and P=[-1:—i:1:0]. As the secant of Cy¢ passing through
these points is given by  +y = z = 0, the conic C; is contained in a plane of the
form Hy : (w+ y) + az = 0 for some real number . Changing coordinates by the
projectivity of P? with matrix

1 00 «
0100
0010
0001

we can assume that Hy : w+y = 0 and Cy : C(2?+y*)+2Dx2+2Eyz+F2% = w4y = 0,
for certain real numbers C, D, E, F. Furthermore, since Cs is nondegenerate, we can
assume that C' =1 and that the characteristic polynomial

I-X 0 D
det| 0 1-X E |=01-NWN=F+1)A\+F-D*-E?)
D E F-2\
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has nonzero constant term. Moreover, if F'— D? — E2 > 0, then Descartes’ rule of signs
implies that all eigenvalues are positive, in which case Cy does not define a curve. It
follows that F' — D?* — E? < 0.

Changing coordinates by the projectivity of P? with matrix

0 0 -E

~1 0 -D—VD*+E*—F

0 1 E :
0 —2VD*+E°—F

0
we can assume that Cs : 22 4+ y%2 — 22 = w +y = 0 and that C is the base locus of the
pencil of quadrics spanned by Q) : (w +y)z =0 and Qy : 2% — wy — z2 = 0. As,

o O O =

_% 0
1 1 9
2 = (25 — t)(2s + t)t7,

0
det | s 0 0 — E
0 0

v O O O
oo OO
v O O O
o= O
+
~~

one finds a rank 2 cone @); of multiplicity 2, rank 3 cones (1 + 2Q- of multiplicity 1,
and no other singular quadrics in this pencil. The following figure shows 1, @2, and
C in the chart w = 1.

Consider the homeomorphism y’ : P! x Zy — C, defined by

(Is : f,a) H{

Four distinct points X’([So : t0]70)7x’([31 : tﬂ,O),X’([SQ : tg],l),x’([83 : tg],l) are
coplanar if and only if

st 1t —st 2412 ifa=0,

s o—st 2 0 ifa=1.

Soto t% —Soto S% + tg
sitt ] —sity st4t]
0 = det ;%1 _812 " t% P | = —(sats = ssta) (sot — sito)
Sg —83t3 t% 0
X ((8081 — totl)(82$3 — tgtg) — (Sotl + Slto)(82t3 + $3t2)). (423)

The latter factor can be simplified by substituting trigonometric functions for the
s; and t;. More precisely, identifying S' x Z; ~ P! x Z, by the homeomorphism
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Y2 (0,a) — ([cos (§ — %) :sin(§ — )], a), the angle-sum trigonometric identities

imply that Equation 4.23 is zero if and only if

o 90 ™ 491 ™ 492 ™ 93 ™ . 60+91+02+93
OCOS<2_8+2_8+2_8+2_8) Sm( 2 )

which happens precisely when 6y + 0; + 0 + 035 = 0 mod 2x. It follows that the
parameterized curves

Sh —>Cl> 9'_>X(97 1)a
St — 0y, 0 — x(0,0),

each counted twice, together have Properties P1 and P2. We conclude that C' is a
curve that satisfies Property Y.

Two conics meeting tangentially in one point

Suppose that C' is the union of two nondegenerate conics C; and C5 that lie in different
planes and meet tangentially in a point P. After changing coordinates by a projectivity
of P?, we can assume that C} and H; are as in Equation 4.22. By Lemma 22, we can
assume that P = [1: 0 : 0 : 0. The tangent line to C; at the point P is given by
TpCy :y =2z =0. As (y passes through P and shares the tangent to C; at this point,
the conic Cy is contained in a plane of the form Hs : y + az = 0 for some real number
a. Changing coordinates by the projectivity of P? with matrix

1000
0100
001 «af
0 001

we can assume that Hy : y = 0 and Cy : 22 + Dwz + Exz + F2? = y = 0 for certain
real numbers D, E, F with D # 0 (since Cy is nondegenerate). Changing coordinates
by the projectivity of P? with matrix

100 (F-1E%/D
0 3
0 b

0
0
0 -D

O O =
O =

one can assume that Cy : 22 —wz =y = 0.
The curve C' is the base locus of the pencil of quadrics spanned by the rank 2 cone
Q1 : yz = 0 and the rank 3 cone Qs : 22 — wy —wz = 0. As

0000 0 0 —% f%
0000 0 1 0 0 1

det | s 00 0 % +1 _% 0 0 0 —Zst,
00 % 0 f% 0 0 0

(1 appears with multiplicity 3 and @, with multiplicity 1, and there are no other
singular quadrics in this pencil. The following figure shows @1, @2, and C' in the chart
w=1.
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The homeomorphism

) [t2:4t:1:0] ifa=0,
X RxZz — Cus, (t’a)H{ 2:—t:0:1] ifa=1

turns Cys into a topological group. Moreover, four distinct points x(to,0), x(¢1,0),
X(t2,1), x(t3,1) on Cys are coplanar if and only if

2 +to
t% +t
12—ty
12—ty

OZdCt = (t2 —tg)(to—tl)(t0+t1 +t2+t3),

SO = =
— = O O

which happens precisely when ¢y + t; + to + t3 = 0. It follows that the parameterized
curves

R — Cf, t —> x(t,0),

R — Oy, t— x(t, 1),

each counted twice, together have Properties P1 and P2. We conclude that C' is a
curve that satisfies Property .

Two lines meeting a conic in distinct points

Suppose that C'is the union of a nondegenerate conic C', contained in some hyperplane
H, C P3, and two lines L;, Ly that meet C} in two distinct points P;, P, and meet each
other in a point Py ¢ Hy. After applying a projective change of coordinates, we can
assume that C; and H; are as in Equation 4.22. By Lemma 22, we can assume that
P =[1:0:0:0]and P,=[0:0:1:0]. Writing Py = [wo : %o : Yo : 1] and changing
coordinates by a projectivity of P? with matrix

100 —w
010 —a
001 —yol’
000 1

we can assume that Pp=1[0:0:0:1], Ly:xa=y=0,and Ly : w =2 = 0.
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The homeomorphism x : R X Zy X Zz — C,s defined by

[ 1 oo(=1)%et e 0 ] ifb=0,
(t,a,b) —> < [ (—=1)%" 0 0 1 ] ifo=1,
[ 0 : 0 o1 (=1)%et ] ifb=2

turns Cps into a topological group. Moreover, any four distinct points x (%o, ag, 0),
X(t1,a1,0), x(t2, a2, 1), x(t3, ag, 2) on Cys are coplanar if and only if

1 (—1)weto 2o 0

B 1 (—1)meh 2 0
0 =det}_jyasge 0 0 1
0 0 1 (=1)ssets

_ ((_1)(116151 _ (_1)a<1et0) A ((_1)ao+a1+a2+a3eto+t1+t2+t3 _ 1)

which happens precisely when ag + a1 + as + a3 = 0 and tg +t; + t2 +t3 = 0. It follows
that the parameterized curves

R x Zy — (4, (t,a) — x(t,a,0), (counted twice)
R X Zoy — Ly, (t,a) — x(t,a,1),
R X Zy — Lo, (t,a) — x(t,a,2),

together satisfy Properties P1 and P2. We conclude that C' is a curve that satisfies
Property .

The curve C is difficult to draw, as none of the charts of P> shows all components
of C. Changing coordinates by the projectivity of P? with matrix

1001

o O O

1
0
0

o = O

0

O )
1
one obtains a curve C' that is the base locus of the pencil of quadrics spanned by the
rank 2 cone @; : zz = 0 and the rank 3 cone Qs : 2% — (w — 2)y = 0. As

0000 0 0 -1 0
000 1L 01 0 0 1
2 :722
detisig 000|210 0 1 T
0500 00 % 0

both of these quadrics appear with multiplicity 2, and there are no other singular
quadrics in the pencil. The following figure shows @1, @2, and C' in the chart w = 1.
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Two lines meeting a conic in the same point

Suppose that C' is the union of a conic O}, contained in some plane H; C P2, and
two lines L, L_ that meet C transversely in a single point P, such that the plane
H, spanned by L, and L_ contains the tangent line to C; at P. After applying a
projective change of coordinates, we can assume that C; and H; are as in Equation
4.22. By Lemma 22, we can assume that P =[1:0:0:0]. As H contains the tangent
line TpC} : y = 2z = 0, it must be of the form Hj : y — y2 = 0 for some real number .
Since Ly, L_ meet C} transversely in P, it follows that there exist points of the form
Py =[1:24+z9:y: 1] in Ly. Changing coordinates by a projectivity of P? with
matrix

= 0 0 1-%
2 2
0o L o —=
xTro T2 R
0 0 1 —Y
0 0 0 1

we can assume that P =[1:£1:0:1]and Ly :y =2 F 2z =0.
The curve C' is the base locus of the pencil of quadrics spanned by @ : yz = 0 and
Qy: 2% —wy —22=0. As

000 0 0 0 -1 0
o000 01 0 o] 1,
00 L0 00 0 -1

the rank 2 cone 1 appears with multiplicity 4, and there are no other singular quadrics
in the pencil. The following figure shows @1, @2, and C' in the chart w = 1.

The homeomorphism

[ 2 :t :1: 0] ifa=0,
X : R X Zg — Cy, (ta)—¢ [ =2t = 1 : 0 : 1] ifa=1,
[ =2t : 1 : 0 : —1 ] ifa=2

turns Cys into a topological group. Moreover, any four distinct points x(to, 0), x(¢1,0),
x(t2, 1), x(t3,2) on Cys are coplanar if and only if

2t 1 0
2 41 0

0 = det —21152 11 0 1 | =2—t)(to+t+ttis),
23 1 0 —1
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which happens precisely when ¢y + t1 + to +t3 = 0. It follows that the parameterized
curves

R — (4, t— x(¢,0), (counted twice)

R—>L+7 t'—>X(t71)7
R— L_, t— x(t,2),

together have Properties P1 and P2. We conclude that C' is a curve that satisfies
Property .

4.4.9 Union of four lines

Suppose that C' is the union of four lines Ly, L1, Lo, L3 and that C is the complete
intersection of two quadric surfaces. By Section 4.4.4, C' must either be a skew quadri-
lateral (characteristic [(11)(11)] in Table 4.2), or the union of four concurrent lines,
no three of which span a plane (which is the cone over a configuration of points with
characteristic [111] in Table 4.3).

A union of four lines that form a skew quadrilateral

We start with a characterization of these curves that will make it easy to give explicit
examples. We say that four planes Hy, Hi, Hy, H3 are in general position if Hy N Hy N
Hy N Hs = 0, or equivalently if

71‘]’07
_ H
7H27
71‘[37

det 40, (4.24)

where we denote the coordinate (row) vector of H; by H; as well.

Proposition 24. Any skew quadrilateral C C P3 is the base locus of a pencil of quadrics
spanned by two rank 2 quadrics Q = Hy U Hy and Q' = Hy U Hs, for which the planes
Hy, Hy, Hy, H3 are in general position. Conversely, the base locus of any such pencil is
a skew quadrilateral.

Proof. Suppose C' is the union of four lines Lgi, L12, Las, L3p, no three of which are
coplanar, for which any two consecutive lines L;_;,; and L, ;41 intersect. Here we think
of the indices as elements of Zy, so that L3y = L3y. Let H; denote the plane spanned
by the lines L;_;; and L; ;1. Then the planes Hy, Hy, Hy, H3 are in general position.
Writing @ = Hy U Hy and Q' = Hy U Hg, it follows that

QHQ/:(HoﬂHl)U(HlﬂHg)U(HgmHg)U(HgﬂHo):L01UL12UL23UL30

and that C' is the base locus of the pencil of quadrics spanned by @ and @’.
Conversely, let C' be the base locus of the pencil of quadrics spanned by two quadrics

@ = HyU Hy and Q' = H; U Hj for which the planes H; are in general position (as

in Equation 4.24). Then C' = Ly U Lys U Loz U Lo, where L; ;11 := H; N Hiyy. Any
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two consecutive lines L; 1, L; ;11 span the plane H; and meet in the point P; € P3 for
which

span{ P;} = ker H __|. (4.25)

— it

Moreover, the lines Lo, Loz (and similarly the lines Lis, Lsg) do not lie in a plane H,
as this would imply the existence of [a : 3], [/ : §'] € P! for which

O[HO + ﬁHl =H= O/HQ + ﬁ/Hg,

contradicting the requirement that Hy, Hy, Ho, H3 are in general position. In particular
no three of the four lines can lie in a plane. We conclude that C' is a union of four
lines, no three of which are coplanar, that intersect cyclically. That is, C' is a skew
quadrilateral. O

As an example, suppose C is the union of four lines Lgi, L2, Las, L3y such that
Li,i+1 = Hz n Hi+1 Wlth

Hy:y=0, Hy:2=0, Hy :w =0, Hs:z=0.
Then

Po=[1:0:0:0], P =[0:1:0:0],

P,=[0:0:1:0], P;=00:0:0:1]

are as in Equation 4.25. Consider the homeomorphism x : (R X Zg) X (Z2)? — Cus
defined by

[—(=1)%":0:0:1] if (b,c) = (0,0),
[1:—(=1)%":0:0] if (b,c) = (1,0),
(b0, €) = {1 (—1)eet - 0] i (bo) — (0.1),
0:0:1:—(=1)%" if (b,c) =(1,1).

Any four distinct points
X(t07a070a0)7 X(tlaa17170)a X(t27a2707 1)7 X(t37a37171)

are coplanar if and only if

—(—1)weto 0 0 1

B 1 —(=1)meht 0 0

0= det 0 1 — (1)t 0
0 0 1 —(—1)sets

=1+ (_1)ao+a1+a2+a3eto+t1+t2+t3

?

which happens if and only if ag + a; + as + az = 0 and ¢ty + t1 + t2 + t3 = 0. It follows
that the four parameterized curves

R x ZZ — Lgo., (t, (l) — X(t, a, O7 0),
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R x Zy —> Loy, (t,a) — x(t,a,1,0),
R x ZQ — ng, (t, (l) — X(t,a,(), 1),
R X ZQ — L237 (tv a’) — X(tv a, 17 1)

together have Properties P1 and P2. We conclude that C' is a curve that satisfies
Property .

Now let Py, P{, Py, P; be four linearly independent points of P3, and consider the
curve C" = Ljy; U L, U Ly U Ly, € P?, where L], is the line passing through P, and
P/, fori=0,1,2,3 mod 4. The projectivity ¢ of P* with matrix

]
P, P, P P

sends L;;q1 to Lj;, for i = 0,1,2,3 mod 4, and the homeomorphism y' := ¢ o x :
(R X Zg) x (Z3)?> —> C. turns C! into a topological group. By construction, the curve
("’ satisfies Property ¥%.
In particular, for the points

Py=[1:0:0:0], Pl=[1:1:0:0]

Py=[1:0:1:0], Py=[1:0:0:1],
one finds a curve C” that is the union of the four lines

Ly :y=2=0, Ly z=av+y+z—w=0,

Ly:z+y+z—w=z=0, Lyy:z=y=0.

These lines form the base locus of the pencil of quadrics spanned by @ : zz = 0 and
Q' y(x+y+z—w) = 0. The singular quadrics in this pencil are the quadrics sQ +tQ’
for which

N =

1
= —s
16

o O O

242,

0=det | s

o O OO
= O O O
O OoOviR O
|
ok O O
D= ==
ok O O

0

It follows that the rank 2 quadrics Q and @' appear in this pencil with multiplicity
2, and there are no other singular quadrics in this pencil. The following figure shows
Q,Q’, and C" in the chart w = 1.
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Four concurrent lines, no three of which span a plane

As in the previous section, we start with a characterization of these curves that will
make it easy to give explicit examples.

Proposition 25. Any curve C C P? that is the union of four concurrent lines, no
three of which are coplanar, is the base locus of a pencil of quadrics spanned by two
rank 2 quadrics Q = Ho U Hag and Q' = Hoy U Hi3, for which the coordinate (row)
vectors to the planes Ho1, Hoz, Hoa, H13 form a matriz

(4.26)

of rank 8 in which any three rows are linearly independent. Conversely, the base locus
of any such pencil is the union of four concurrent lines, no three of which are coplanar.

Proof. Let C C P? be the union of four lines Lg, Ly, Lo, L3, no three of which are
coplanar, that meet in a single point P. Write H,; for the plane spanned by L; and Lj;,
and let Q = Hy U Hoz and Q' = Hyy, U Hy3. Since no three of the lines are coplanar,
one finds

Q N Q/ = (H01 M HOQ) U (Hm n H13) U (H23 N H02) U (H23 N H13)

=LyUL,ULyULs

and C is the base locus of the pencil of quadrics spanned by @ and @Q'. Note that
the matrix M from Equation 4.26 has rank 3, as all planes meet in a single point P.
Moreover, no three of the planes share a line, as no three of the lines are coplanar. It
follows that any three rows in M are linearly independent.

Conversely, suppose C' C P? is the intersection of two rank 2 quadrics Q = Hy; U
Hy3, Q' = HyoU Hys for which the matrix M in Equation 4.26 has rank 3 and any three
of the four rows are linearly independent. Define lines

Lo := Hg1 N Hyo, Ly := Hyy N Hys,

LQ = H230H027 L3 = H23QH13.

As rank(M) = 3, the lines Lo, L1, Lo, L meet in a single point P. No three of the
lines, say Lo, L1, Lo, lie in a plane H, as this would imply the existence of [ag : 5o, [aq :
Bi)s [z i 2] € P! for which

H = agHy + BoHoz = a1 Hoy + Bi1H 13 = apHas + B2 Hog,

contradicting the assumption that any three of the planes are linearly independent. We
conclude that C'is the union of four concurrent lines, no three of which are coplanar. [

Suppose we are given a curve C' that is the union of four concurrent lines Lg, L1, Lo,
L3, no three of which are coplanar. Denote the point of intersection by P, and let
H be any plane that intersects C' in four distinct points Ry, Ry, R, R3 on the lines
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Lo, Ly, Ly, L. Since no three of the lines are coplanar, the points R; are in general
position inside the plane H (that is, no three of them are collinear). After applying
a projectivity, we may assume that P = [0: 0: 0 : 1] and H is the plane defined by
z = 0. Since the points R; are in general position inside the plane H, the fundamental
theorem for projectivities implies that we can assume that

Ry=1[1:0:0:0], Ry=[1:1:0:0],

Ry=1:0:1:0], Ry=[1:1:1:0],
so that the components of C are given by

Ly:x=y=0, Li:x—w=y=0,

Ly:z=y—w=0, Ly:zx—w=y—w=0.

The curve C'is the base locus of the pencil of quadrics spanned by @ = Hy; U Ha3 and
Ql = HOQ U .[‘.[137 where

Hy:y=0, Hy iy —w=0,

Hgpy :x=0, Hizs:xz—w=0.

Any quadric sQ + tQ' in the pencil has matrix

0 0 %0 0 -Loo 0 —i —Ls 0
G0 0 0 0 =5 L 00| =5 & 0 0
10 1 0 0 0 ool |-is 0o s ol
00 0 0 0 0 00 0O 0 0 0

implying that a generic quadric in the pencil is a rank 3 cone. As

0
det | —

1
(; = —1(5 +t)st,

N ®

_t
2

t
0

[CITNSIES

the rank 2 quadrics in the pencil are @, Q’, and @ — @', each of multiplicity 1. The
following figure shows @, @’, and C' in the chart w = 1.
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Consider the homeomorphism

X : R X (Zy)? — Chs,

(t,a,b) —

—_ = et

— O = O

— -0 O

111

Any four distinct points x(to,0,0), x (1, 1,0), x(¢2,0, 1), x (3,1, 1) of Cys are coplanar

if and only if

0 = det

T G Sy

—_ O = O

—=—_ 0 O
\
~
=

It follows that the four parameterized curves

R — Ly,

R—>L1,
R—)Lg,

R — Ls,

t— x(t,0,0),
t— x(t,1,0),
t '_> X(t’ 07 1)7
t— x(t,1,1)

=ty +t1 + 1o+ t3.

together have Properties P1 and P2. We conclude that C is a curve that satisfies

Property .
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