arXiv:1704.08563v2 [math.AC] 29 Sep 2017

THE SET OF UNATTAINABLE POINTS FOR THE RATIONAL
HERMITE INTERPOLATION PROBLEM

TERESA CORTADELLAS BENITEZ, CARLOS D’ANDREA, AND EULALIA MONTORO

ABSTRACT. We describe geometrically and algebraically the set of unattain-
able points for the Rational Hermite Interpolation Problem (i.e. those points
where the problem does not have a solution). We show that this set is a
union of equidimensional complete intersection varieties of odd codimension,
the number of them being equal to the minimum between the degrees of the
numerator and denominator of the problem. Each of these equidimensional va-
rieties can be further decomposed as a union of as many rational (irreducible)
varieties as input data points. We exhibit algorithms and equations defining
all these objects.

1. INTRODUCTION

Let Kbe afield, k, I, ny,...,n € Zsgwithk <n:=ni+...4n;. Foruy,...,u; €
K with u; # u; if i # j, and v;; € Kwith¢ =1,...,0,5 =0,...,n; — 1, The
Rational Hermite Interpolation Problem (RHIP) associated with this data as stated
n [Sal62, [Kah69, [Sal84, [SW9T], is the following: decide if there exist -and if so
compute- polynomials A(x), B(z) € K[z] of degrees bounded by k — 1 and n — k
respectively such that B(u;) # 0 for alli=1,...,, and

A ()
1 - U; :j!vi»,izl,...,l,j:O,...,ni—l.
B 5J

The factorial in the equation above is introduced to simplify some of the formulas
that will appear later. For (dl) to be as general as possible, we need to impose
Char(K) = 0 or Char(K) > max{ni,...,n;}. When [ = n (ie. ny = ... =
n = 1) the RHIP coincides with the classmal Rational Interpolatlon Problem
Caudll [Wuy75|, SW86G]. If £ = n, the RHIP descends to the well-known Hermite
Interpolation Problem. But in contrast with it, there is not always a solution for
the RHIP for any input data. For instance, if we set k = 2,1 =2, n1 = 2, ny =
Lur =1, ua=2,v10=1,v1,1 =0,v20 =0, one can check straightforwardly that
there is no solution for (), see Example below.

The standard approach to this problem from both an algorithmic and complex-
ity point of view is via the Extended Euclidean Algorithm as it is explained in

[zGGI13] (see also [Ant88], and §21] in this text). There are also alternative ap-
proaches by using structured matrices ([VBB92, BL00]), barycentric coordinates
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([SWS86l [SW91]), orthogonal polynomials ([EK89, [Gem93]), and computation of
syzygies ([Rav97]). Barycentric coordinates seem to be stable when working with
approximate data, but not very fast, while the use of orthogonal polynomials is
efficient thanks to the use of Jacobi’s method for inverting matrices, but their re-
sults are limited to the rational interpolation problem (without multiplicities) only.
Parametric representations of the solutions in general situations can be found in
[Las03, [DKS15].

In all the previous results, optimal bounds of complexity are achieved, and para-
metric expressions for A(x) and B(z) are given when they exist, but an explicit
description of the set of the so called unattainable points for the RHIP, i.e. the set
of data {u;,v; ;} such that the RHIP does not have solutions, cannot be obtained
straightforwardly from these approachs. The purpose of this paper is to character-
ize them both geometrically and algebraically. Our main result, given in Theorems
[T and [LA4] states that the set of ill-posed point is a union of min{k — 1,n — k}
equidimensional complete intersection varieties of odd codimension. Moreover, each
of these 1 varieties can be further decomposed as a union of [ rational (irreducible)
varieties. As a by-product, we will produce explicit expressions for the solution for
this problem valid in different regions of the space of parameters, and alternative
algorithms based only in elementary Linear Algebra, without the need of applying
neither barycentric coordinates, nor the Euclidean Division Algorithm. The com-
plexity of solving these problems as well as the extension of the methods in [EK89]
to the RHIP will be the subject of a future paper.

To deal with the input data properly, we set n = (n1,...,n;), u = (u1,...,u), Vi
(Vi s Vims—1), 1 < i <l,and v = (vy,...,v;). For j,t € N, we define the ¢-
th Pochhammer symbol as follows: (j)o = 1, (j): = j- (G —1)...(j —t+1).
The Weak Hermite Interpolation Problem (WHIP), asks to compute polynomials
Auvonki-1(2), Buvnn-k(z) € K[z] of degrees bounded by k — 1 and n — k respec-
tively such that

J
@) AV, () =Y Gevis BELD L p(wi), i=1,. 1,5 =0,.. 0 — 1.

It is easy to verify that any solution of () also satisfies (), but not the other
way around as By v nn—k(x) may vanish at some of the w;’s; that is, if B(u;) # 0
for i+ = 1,...,l, then WHIP and RHIP are equivalents. In contrast, given the
input data (u, v) as before, (2) leads to a homogeneous linear system of equations
in the coefficients of the polynomials Ay v n k—1(2), Buvnn—k(z) of n equations
with n + 1 unknowns, so there is always a non trivial solution of it. Indeed, let
Muy,vn,k € K"™*(n+1) be the matrix of the linear system (2)). Computing it explicitly,
we have

Mul,vl,k,n
? Muwivonie = s ,
Mul,vhkm
where
(4) My, vi ko = ( MLy, v, kn | MRy, v kn ) c K x (nt1)
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A .
(5) Mbusn=| 2 0 ()u |
00 0 . (Pl
(6)
—;.0 —V;,0U;4 1 _ﬁ}gu?—k o
MRy, v jom = —1')1'.,1 _(Ui,lu'i—FUi,O) —tho( ‘ ?Ui,lftui |
Uit _(“i’"i*“;*”ivm—ﬁ T ar ("I’“)@,m_l_tU?”“’t

with (’;) = 0 if j > k. Note that the coefficients of a solution of the WHIP, sorted
properly, are elements of the kernel of (B). We will see in Proposition 2] that all
the nontrivial pairs Ay v nk—1(2), Buvnn—k(x) € K[z] solving the WHIP, up to a
constant, produce the same fraction %j:;((?) € K(x), which will be the solution
of the RHIP if the “reduced” fraction is also a solution of the WHIP (Theorem 2.6]).
So, finding non trivial solutions of the WHIP “almost” solves the RHIP. And it is
of interest of course to get the “minimal” solution (the one with minimal degree) of
this problem, which it is known (see Proposition 2] to be unique up to a constant.

If My v nx has maximal rank, then the solution to the WHIP is given by the
maximal minors of this matrix. Otherwise, some non trivial Linear Algebra must be
performed in order to find a non-zero vector in the kernel of this matrix. Our aim is
to give an explicit algebraic formulation in terms of the input data (u, v) which will
allow us to produce solutions of the WHIP in all the cases as functions of minors of
suitable matrices. This approach will also give us a full description of the unattain-
able points for the RHIP. To do this, we need to consider matrices like (@), but in a
more general setting: denote with Uy, ..., U, Vio,.. ., Vini—1,-- -, Vi0s oo, Vin—1
a set of | + n indeterminates over K, and set U = (Uy,...,U;), V = (Vy1,..., V)).
For a, B, € Z>o, and n := (ny,...,n;) € ZL, we set

Ma,ﬁ,nl (Ula Vl)

") Mo (U, V) = : ,

Ma,ﬁ,nl (Ul; Vl)

where for i =1,...,1, My g, (U;, V;) stands for
(8)

1oU; Uz Uy —Vio —Vi,oU; ~Vi,0Uf

0o 1 2U; ... (‘i‘)Uf‘*l —Via =(Vi,1Ui + Vio0) -Yico (f)vi,lftUiﬁit

. . . cee i1 . . e .1 ) —t
0o 0 0o ... (n;‘fl) U (ng=1) “Vimg—1  ~Vin, Ui+ Vin,—2) . =30 (E)Vi,niflftUiB !

For (u, v) € K! x K", note that My vy nx = Mg_1n—kn(1,v). In the case a + 3 =
n—1,fori=1,...,n+1, we set A, , to be the signed i-th maximal minor of
Ma,5n(U, V). Let Z C K! be the algebraic set defined by

Z ={(u,...,w) e K : H (u; —uj) = 0}.

1<i<j<n
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Our input u will be an element of K!\ Z. So, the initial data can be taken from
(K'\ Z) x K". Our first main result is the following:

Theorem 1.1. Let k,ny,...,n e N1 <k <ny+...4+n =:n, and K a field
with Char(K) = 0 or Char(K) > max{ni,...,n;}. Set m := min{k —1,n — k}. The
set of unattainable points for the RHIP is a disjoint union By U Bs U ... U Bapy—1,

where, for j =1,...,m, Baj_1 is the union of the following 2l constructible sets in
(K'\ Z) x K™ with the Zariski topology:
(9)
Ag—j+2,k—j+2 == A?ﬂ‘ﬂ,kﬂ‘—l = ZZZEZ?QH A27j+1,e+1UiZik+J71 =0, A;clfjJﬁl,kfjJﬁl #0
and _
AR jrag—grz = = ARt hrio1 = 2pkgjo1 D141 Ui =, Aitjets 7 0,

for1 <4<l (if j =1 there is only one equation, and two inequalities above). The
two sets in @) coincide in {AR_; 1 511 # 0} NV{AR 11, # 0} If K is alge-
braically closed, Baj_1 is the union of | rational irreducible varieties of codimension
25 —1in (K'\ Z) x K™,

This result follows immediately from Theorems and [£171
Example 1.2. For our example above, we have k =2,1 =2,n= (2,1). So, n = 3,

and m = 1. According to Theorem [I1], the set of unattainable points coincide with
Bi. Computing it explicitly from (@), we get

B = ({A84+A3,U1 = 0} U{AS; + A3,U> = 0}) 1 ({88, # 0} U {AS, £ 0}),

where the minors AY ;. j = 2,3,4, are extracted from

1 U —Vip ViU
Miia(U, V)= 0 1 -Vig -Vi,Ui—Vip |,
1 Uz —Vap —V2,0U2

while AR 5 is the minor obtained by deleting the third column in

1 Uy U12 —Vio
Moon(U, V)= 0 1 2U;, -Vi,
1 Uy U22 —Va0

Computing all these expressions, we get

A%, = V32 —VioVao —UiViiVao + UaVi1Vapo
A3 = (U2 —-U)?

ARy + AR UL = (Voo —Vi0)(U2 — Uh)

A§y3 + A5174U2 = V111(U1 — U2)2

From the above we deduce that By = {Vi,0 = Vao, Vig # 0 U{Vi1 =0, Vi #
Vao}, a union of two rational (actually linear) varieties. In the situation above, we
have that v11 = 0, and hence we conclude that (1,2;(1,0),(0)) s an unattainable
point for the RHIP.
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Example 1.3. Setn =5k = 3,1l =1, so we have n = (5), and m = 2. To compute
their equations, the matrices to be considered are

(10)
1 Ui —Vipo —Vi,0U1 —V1,0U% V1,003
0 1 -Vi; —ViaUi—Vipo —Vi,1Uf — 2Vy Uy ~V1,1U} = 3V3 oU

MLS,(5) (U,V) = 0 0 —Vip —VipUi—Vig —VioUf—2Vi U1 —Vio —Vi2U} —3Vi1U] —3Violh
0 0 —Viz —Vi3Ui—Via —Vi3Uj—2V3oU;— Vi 7V1,3U£ - 3V1,2U% —3Vi,1U1 — Vi
0 0 —Vig —ViaUi—Vig —ViaUi—2Vi3Us—Via —Vi4U7 —3v13U7 —3Vi2U1 — Vi
1 U U} —Vip V1,001 ~Vi,0Uf
0 1 207 —Vip V.U —Vip —V11U? = 2Vy Uy

Mo (U, V)=1 0 0 1 —Vig —VipUi—Vin —VioUf =2Vi,Ui—Vig |,
0 O 0 —Vig —VigU;—Vip _V1,3U12 —2VioUr = Vi
0 0 0 —Vig —ViaUi—Vig —Vi4U?—2Vi3U3 — Vi
1w U U —Vig —V1,0U1
0 1 2U; 3U} —-Vi1 Vi Ui —Vig

Ms1,5(U,V)=|[ 0 0 13U, —Vip —VipUi—-Vig |,
0 0 0 1 —Vig —Vis3Ui —Vipa
0 0 0 0 —Via —ViaUi—=Vig

and
1 U, U U UE Vi
0 1 2U; 3U% 4U1® -Vi,

Myo»(U, V)= 0 0 1 3U; 6U7 —Vis
0 0 0 1 U, —-Vigs
0 0 0 0 1 Vi

From Theorem [L1l we know that the set of unattainable points B decomposes as
B1 U B3, where

B = (a0} + AL + AU = 0y ({AF) # 0} u{Al) #0}),

is a rational variety of codimension 1, while By C {Ag% #0}U {A?g # 0} can be
described as follows:

(11) By N{AY) # 0} = {A) = A%} = AL + AU = 0},
and
(12) Bs N{AL) # 0} = {AF} = AT} = A% + AT =0},
We compute explicitly two of the polynomials defining this set:
A +ARQUL = Vig,
APYHADIUL = =V 42V Vi Vg + URBVAAVE, + 203V, — V2 Vi s

—UPVE Vi — UiVioVioVis — AUV Vi o Vi s 4 207V 0 Vi
+UV1o0ViaVia + 2U13V1271V1,4 — 22UV oV1,2Vi 4.

Even though they are both very different expressions, an explicit computation shows
that in {AS% #0# AS’%}, both () and [@2) are equal to:

Vii=0,Vi2=0,Vi3=0,

which confirms the claim of Theorem [l for this case. From this latter expression
we also deduce that Bs is a rational (linear) variety of codimension 3.
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The fact that several minors of different matrices as in ({I0)) should be considered
is a consequence of the whole Extended Euclidean Algorithm one should perform
to deal with this problem (see Proposition 2.10). Being in the j-th component B;
essentially means that the corresponding polynomials in the Bézout identity that
would solve the RHIP fail to reach their expected degree in at least j steps, and
hence one should test up to this number of “vanishing instances”.

Interestingly, one does not need to use several matrices to deal with the strati-
fication of the set of unattainable points appearing in Theorem [Tl Just the the
rank of My v n,k is enough. This is the content of our second main result:

Theorem 1.4. With notations and hypothesis as above, for (u,v) € (K!\ Z) x K",
and 1 < j <m+1, (u,v) is such that the minimal solution of the WHIP associated
with this data has degrees bounded by k — j and n — k + 1 — j respectively if and
only if dimg (ker(My,v n,x)) > J. Moreover, dimg (ker(My v nk)) =7 if and only if
the degree bound turns into an equality.

The first situation is given by the following equations

n _ n _ _ n —
(13) Ap jiok—jr2 = AR jisr—jrs = = A1 k41 =0

(if 7 = 1, the above set of equations is empty), while the second one is the intersec-

tion of (IH) with {AR 4y 5 jH+1 # 0t U{AL,; 14; # 0} A minimal solution for
the WHIP is given in this region by

(14)
3000 AR gunen®s TS T AR e @ M) in AR s A0,
Zlé:g A2+j71,e+1xz§ Z?:k-i—j—l All’clJrjfl,ZJrleikijJrl in AEJrj,kJrj # 0.
If K is algebraically closed, [I3) is a rational irreducible complete intersection va-
riety in (K'\ Z) x K of codimension 2(j — 1) in (K!'\ Z) x K.

This result follows from Theorems 2.6 B.12] 1.8 and Proposition 4.9l Note that
for j =1, both representations in (I4]) are the same up to a constant.
To illustrate Theorem [[4lin our Example[l.2 above, as | =2, k=2, n =3, n=
(2,1), and m = 1, we have
o dimg (ker(My v, (2,1)2)) =1 < {A(z 1) £0}U {A(2’1) £ 0},
o dimg (ker(Myy 21)2)) = 2 < {A(2 ) = AGY = 0}, and {A%Y #
0y U{Ag;" # 0},

Computing the last two minors, we get:

—Vio V1,001 —Vi,0U?
Afil) = det —V171 —V171U1 — Vl,O —V171U12 — 2‘/1)0U1 =0,
—Vapo —Va,0U2 —Va,0U3
1 U U2
APV =det| 0 1 20, | = (U - )2
1 Uy U2

SO {Afil) #0}U {Afjll) # 0} is actually equal to the whole ambient space (K!\
Z) x K", and we have that dimg (ker(Muyvﬁ(le) )) = 2 if and only if {A(2 1

Agél) = 0}. In the “generic” case, when the dimension is equal to one, a solution
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(I4) is given by the maximal minors of My v (2,1),2,3, i-e.
(AP + AP a AT + APV 2).

When dim = 2, ([[4) gives as solutions for the WHIP the nontrivial constant func-
tions - -

(A% AR%Y) in 5 0.

(A(Zl). A(Zl)) (2 7& 0

(The fact that A(2 D= A(2 Y _see Lemma [T} shows that the second expression
above is also not 1dentlcally zero)

The paper is organized as follows: in Section 2] we show that all the solutions
of the WHIP are polynomial multiples of a “minimal solution,” in the sense that
all other solutions are polynomial multiples of this one. We show in Theorem
that a minimal solution solves the RHIP if and only if its components are coprime
polynomials, and give an algorithm (Algorithm 7)) to compute the minimal solu-
tion and verify if the RHIP is solvable based on these facts. We end that section by
reviewing the Extended Euclidean Algorithm’s classical method to deal with this
problem in light of our results in §2.11 All these theoretical results are well known
and documented in the literature (see [Wuy75| [v2GG13]), we include them here to
set the notation within the context of the following statements, and also to set the
basis for the algorithms produced therein.

In Section [Blwe look at the geometry of the problem. In Theorems and BI3
we show that the sets described above are proper union of open irreducible rational
varieties in (Kl \ Z) x (K*)™. Our proof is constructive, so we can develop an
algorithm (Algorithm [314) to deal with the RHIP without the need of computing
any solution of the WHIP.

In Section [4] we produce the equations which appear in ([I3]) and (4], and com-
plete with the proofs of the main theorems.

2. MINIMAL SOLUTIONS

All along the text we will assume that Char(K) = 0 or Char(K) > max{ni,...,n}.
In this section, we look at the structure of solutions of the WHIP. We will see that
all of them are multiple of a so-called “minimal solution”, give an algorithm for
computing this minimal solution, and decide by looking at its decomposition if the
RHIP has a solution or not. We will compare our results with the classical standard
procedure for solving the RHIP via the Extended Euclidean Algorithm.

Proposition 2.1. Let (u,v) € (K'\ Z)xK"™. For any solution (Au v n,k-1(2), Buvnn—k(T))
of the WHIP (@) with Buynn—k(z) # 0, the rational function M 18

. u,v,n,nfk(z)
unique.

Proof. Ifboth (Au,v.n k—1(2), Buvmnn—r(z))and (Au,v,n,kfl(x)y Buﬁvynyn,k(:zr)) sat-
isfy (@), the polynomial

P(,T) = Au,v,n,k—l(x)Bu,v,n,n—k(x) - Au,v,n,k—l(x)Bu,v,n,n—k(x) € K[JJ]

has degree bounded by n — 1, and its derivatives PU)(z) vanishes in the different
points u;, @ = 1...,l for j = 0,...,n; — 1. Hence, P(x) must be identically zero.
This concludes with the proof of the claim. O
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We will study now the structure of the solutions of the WHIP (2)). For ¢ € N,
we denote with K[z], the subspace of polynomials in K[z] of degree bounded by
0. For n,k e N1 <k <mn,and (u,v) € (Kl\Z) x K", denote with Vyyn i C
K[z]t—1 @ K[z],—k the set defined as

Vavnk = {(Ar=1(x), Bn—k(z)) satisfying ([2])}.
Note that it is actually the nullspace of the matrix My v n,k, and hence the following
claim holds straightforwardly.

Proposition 2.2. Vyy n 5 is a K-vector subspace of Klz]x—1 ®K[z],—kr of positive
dimension.

Lemma 2.3. Up to a nonzero constant in K, there is a unique (AY_, (x), BY_, (z)) €
Vu,v,n,k such that

deg(A}_, (z)) = min{deg(Aj_1(x)), (Ar-1(2), Bn—k(2)) € Vuyni}-

Proof. If there are two (A9, (x), BY_,(z)), (A% (), B%_.(z)) € Vuyni such
that A9 | (z) and A} ,(z) are not proportional, then a nontrivial linear combi-
nation of these polynomials will produce an element in Vy y n of strictly lower
degree. ([

Definition 2.4. A pair (AY_,(x), BY_,(2)) € Vuvnk satisfying the hypothesis of
Lemma [Z.3 will be called a minimal element of Vy v n k-

The minimal element is unique if we require A}, (x) to be monic. The following
result gives some light on the structure of the K-vector space Vy v n k-

Proposition 2.5. Any element in Vy v nk i a polynomial multiple of a minimal
element of this space.

Proof. Clearly any polynomial multiple of an element of Vy v n 1 (as long as the
degrees of each of the two components do not go above k — 1 and n — k respectively)
is an element of Vy v n .

Let (Ag—1(x), Bh—k(z)) € Vuv.nk with B,_g(x) # 0 and AY | (z), B% , (z) €

x AOO, T
K[z] be such that ged(AY | (z), B, (z)) =1 and g::;((m)) = Bé‘li((r))'

If (A% (z), B% , (2)) € Vyvnk then (A% (z), B%, (z)) is a minimal element
in Vy v n,k and the claim follows from Proposition[ZIl Otherwise, let I be the set of
those i € {1,...,1} such that thereis j = 0,...,n;—1 such that (4% , (), B% , (z))

does not satisfy the identity AY) (u;) = Y1 o(G)evine BU=Y (u;) coming

u,v,n,k—1 ; u,v,n,n—=k

from (@). For i € I, let ji = min{j | (AR 1)) (us) # 3754 (7)evij (BR2 )Y ™" (ui)}.
Thanks to Proposition 2] for any (Ag—1(z), Bn—r(z)) € Vuyni there exists
C(z) € K[z] such that

Ap—1(x) = C(a) AR2 1 (2), Book(z) = C(x) B2 (2).
We claim that CW)(u;) = 0 for all i € T and j = 0,...,n; — j;. Then, from
the claim, we deduce that a minimal element in Vy vy nx is (A2 ;(z), BY_,(x)) =
(C’(x)Aggl(x), C’(I)Bg(ik(x)) with C’(:z:) = Hiel(x —u)v I | C(x).

To prove the claim we use induction on j. For j = 0, we have

A (u) = Z (ii)O(t) (i) (A2 )90 (uy) = Zz:(ji)svi,s(ank)(”_s)(uz‘)

t=0 s=0
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Ji—

- Z Ji)sVis Z (ji t_ S) CO(ug) (Bl )= (uy) =

Ji—t
—Z (j) CO () 3 i — t)ovs,s (B )7~ (w),
s=0
and we deduce from the definition of j; that C(u;) = 0. Assume now 1 < j <
n; — j; — 1. Hence,
(15)
AT () = X0 () 00 () (AQ,) U ()
= Zi”oJ (i + ) vz,s(ank‘)(“_”s_) (us)
= D Ui - )evis Zisy (77 O wa) (B ) U D )
=300 ()e® ( D) ST — )54, (B )T TE0) (yy).

By the inductive hypothesis, we have that C*)(u;) = 0 for 0 < ¢ < j — 1, and hence
(@) above becomes

Ji+J it o JitJ it Jitji—t o
> < l >O(t)(ui)(‘4201)(””t)(ui) = < l >O(t)(uz‘) D Gimt)svi,s (B )77 (uy).

t=j t t=j t s=0
Due to the conditions imposed on the characteristic of K, we have (ji;’j ) # 0, and
hence we deduce that C)(u;) = 0. O

All the previous claims imply the following

Theorem 2.6. Let K be a field with Char(K) =0 or Char(K) > max{ni,...,n}.
For a given (u,v) € (K'\ Z) xK", let da (resp. dp) denote the degree of A}_, (z)
(resp. BY_,(x)) for a minimal element (A} _,(z),BY_,(x)) € Vavnk and set
so:=min{k —1—ds, n—k —dp}. Then

* Vavnr = (43 (x), By 4(x)) K[z,

. dimK(Vu,v,n,k) =50+ 1.

e The RHIP is solvable if and only if ged(AY_, (z), B _,(x)) = 1.

Proof. The first two claims follow straightforwardly from Proposition 2.5l For the
last, following the notation of the proof of Proposition2.5 note that (A9_, (x), BY_, (z))
solves the RHIP if and only if the set of indexes I is the empty set, which is equiv-
alent to ged(AY_(z), BY . (x)) = 1. O

Thanks to Theorem we can produce the following algorithm.

Algorithm 2.7.

Input: (u,v) € (K'\ Z) x K", K being a field with Char(K) = 0 or Char(K) >
max{ny,...,n}.

Output: A reduced solution of the RHIP associated to (u,v), or message that it does
not have a solution.

(1) Compute a nontrivial element of the kernel of the matriz My,v n i associated
to the linear system (2I).

(2) Extract polynomials Ai—1(z) and B, _i(x) from the coordinates of the ele-
ment computed in (1).

(3) Remove the common factors of these two polynomials. Denote the reduced
polynomials by AL | () and B, (z).
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(4) Zf (Ag(ll(x)aBg(ik(I)) € ker(Muyv,l’l,k)v then return (Aggl(x)angk(I))a

otherwise return “no solution”.

Remark 2.8. If instead of “a reduced solution” one simply looks for “a solution”,
step (3) in Algorithm [2.77 can be replaced with “remove the common factors that
these two polynomials have of the type (x —w;), i =1,...,17.

2.1. Euclidean Algorithm Revisited. We review here the standard computa-
tional method used to deal with the RHIP, and compare it with our explorations. A
good reference for this part of the text is [vaGG13l §5.8]. It turns out that the key
connection to deal efficiently with this problem is the classical Euclidean Algorithm
as Proposition 210/ below show. Recall that for polynomials F'(z), G(x) € K[z], the
Eztended Fuclidean Algorithm consists of a finite matrix of 5 columns (4, g;, r4, i, t;)
such that

e the zeroth row is (0,0, F(z), 1,0),

e the first row is (1,Q1(x),G(z),0,1), Q1(z) being the Euclidean quotient
between F(z) and G(x),

e for i > 2, the i-th row is (¢, Q;(x), Ri(x), S;(x), T;(x)), where R;(x) is the
remainder of the Euclidean division between R;_o(z) and R;_i(z), and
Si(x), T;(x) are the coefficients of the Bézout identity satisfying

Si(x)F(x) + T;(x)G(x) = Ri(z).

Note that for i > 2, we have deg(R;(x)) < deg(R;—1(z)). In addition, we have that
(lvz2GGI13l Lemmas 3.8 & 3.10])

deg(Si(z)) < deg(G) — deg(Ri—1(x))
(16) deg(T;(x)) = deg(F) — deg(R;—1(x)),
ged(Ri(z), Ti(x)) = ged(F(z), Ti(x)) Vi > 0.

One of the interesting features of the EEA is that it produces “short” (in degree)
Bézout identities in the following sense:

Lemma 2.9. ([vzGG13| Lemma 5.15]) Let R(z), S(x), T'(z) be such that S(x)F(z)+
T(x)G(z) = R(x) with deg(R(x)) + deg(T'(x)) < deg(F(z)), and £ € N the index
that

deg(Re(z)) < deg(R(z)) < deg(R—1()).
Then, there exists C(z) € K[z] such that

R(z) = C(x)Ry(x), S(x) = C(x)Se(x), T(x) = C(x)Te(z).

We conclude this section by recovering the fundamental result in [v2GGI13| which
essentially states that one can solve the RHIP by looking at a specific row in the
Extended Euclidean Algorithm.

Proposition 2.10. ([vaGG13| Exercise 5. 42]/) With notation as above, for a given
data (u,v) € (K'\ Z) x K", set F(z) = Hl 1 Fi(z) = Hl (@ —uy)™, and let
G(z) € K|x] be the unique interpolating polynomial of degree less than n which
satisfies Gl(-J)(ui) =jlv,i=0,...,1,j =1,...,n; — 1. Denote with ¢ the min-
imal index such that deg(Re(x)) < k — 1. The RHIP is solvable if and only if
ged(Ry(x), Te(x)) = 1. If this is the case, then the pair (Re(x),Ty(x)) is a solution
of it.
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Proof. Given A(z), B(x) € Klz] with deg(A(x)) < k—1 and deg(B(x)) < n—k we
have that the pair (A(z),B(z)) gives a solution for the WHIP iff
AW (u;) = (G(x)B(x))Y) (u;) for i = 1,...,01 and j = 0,...,n; — 1, equivalently
if (A(z) — G(z)B(x))Y) (u;)) =0fori=1,...,l and j = 0,...,n; — 1; that is, iff
F(z) divides A(z) — G(z)B(x) and so, iff A(x) = S(z)F(z) + B(z)G(z) for some
S(x) € K[z].

Let (AY (), BY_,(x)) be a minimal element in Vyy n . Then, since the pair
(Re(x),Ty(x)) gives a solution for the WHIP, we have, by Proposition 2.5 that
(Re(x), Ty(z)) = (C(z)AY_, (z),C(z)BS_, (x)) for some C(x) € K[z]. In particular,

deg(B_(x)) < deg(Ti(x)).

On the other hand, since AY_,(z) = S(z)F(z) + B%_, (x)G(z) for some S(z) €
K[a], deg(AY_, (x)) + deg(BY_,(2)) < deg(F(x)) and deg(AY_, (x)) < deg(Re(x))
we have, by Lemma 2.0, that there exist ¢ > ¢ and D(z) € K[z] such that
(A% [ (x),B%_,(z)) = (D(x)Re(z), D(x)Ty(x)). In particular, we have that
deg(Tw () < deg(BY_()).

Thus, deg(Ty (z)) < deg(B°_,.(x)) < deg(Ty(z)) and, deg(Ty (x)) > deg(Tv(z))
by (). So, ¢ = ¢ and the pairs (A} _,(x), BY_, (z)) and (R¢(z), T¢(z)) are unique
up to a constant in K. The statement now follows from Theorem

(]

3. GEOMETRIC DESCRIPTION

In this section we will study the geometry of the RHIP. We start by showing
that all the matrices which are of interest in our problem have “generic” maximal
rank if the field is large enough and its characteristic is zero or also large enough.
Recall that we are always under the assumption that Char(K) = 0 or Char(K) >
max{ny,...,n}.

Proposition 3.1. Let «, 8, n1,...,n € Z>o. If K is a field such that #(K) > .
Then, there are elements (u,v) € (K'\ Z) x K" such that M, g n(u,v) has mazimal
rank.

Proof. For arbitrary uq,...,u; € K, we specialize
a+1 _
(17) Ui'—>ui,‘/;)j>—>—( ‘_L>u§“ 1 <i<l,0<j<n;—1
J
in (@) and the matrix become a confluent Vandermonde one, which is known to
have maximal rank for any u € K\ Z. O

We would also need to show that for generic solutions of the RHIP, the denom-
inator B(x) is such that B(u;) #0,i=1,...,1.

Lemma 3.2. Let ny,...,n € Z>o, and x,Uy,...,U; indeterminates over K. The
polynomial
(18) (@—U)" . (z=U)" = c;j(U,...,Upa?

j=0

satisfies ¢j(Ur,...,U;) #0 forall j=0,...,1L
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Proof. We expand the left hand side of ([I8) to get

Z (1) (Zl> e (Zl> UPr . UPrgfit b
1 l

0<Bi<n;, 1<i<I

From here, we deduce straightforwardly that

e;j(U,...,U) = (=1)" 3 (Zi) (Zj) vl ..U,

0<Bi<ni, > Bi=j

is a nonzero polynomial, which concludes with the proof of the claim. ([

Proposition 3.3. Let o, 5,n1,...,n; € N be such that a+8+1 > n1+...+n, and
K a field of large cardinality. Then, there exists (u,v) € (K'\ Z) x K" such that the
RHIP has a solution (i.e. the denominator B(t) satisfies B(u;) #0,Vi=1,...,n).

Proof. We can assume w.l.o.g. that « + 8+ 1 = n1 + ... + n; and, similarly
to (I7), do the substitution V;; + —(a;rl)U;‘*J“,l <i<l,0<j<mn—
1. We do the substituion (7)), and have a matrix of maximal rank of confluent
Vandermonde type, We call it V, g(U). Note that if we add the following row to
Vaps(U) : (1, ..., 2P+ we then get a square matrix whose determinant is
equal to w Hézl(x —U;)™, with w € K\ {0}. Write the latter as A(z) + 2! B(z),
and note that the pair (A(x), B(z)) solves the WHIP for k = o + 1. We must have
(A(z), B(x)) # (0,0) as the coefficients of these two polynomials are the maximal
minors of V4, g(U) which -thanks to Proposition B} is of maximal rank.

Due to the fact that K is large enough, the proof will be completed if we show
that B(U;) # 0 for all ¢ = 1,...,n. Suppose that for some iy we have B(U;,) = 0.
Then we must have that A(U;,) = 0, and hence we deduce that

wlliy (@ U™ _ 5
xr — UZ

with deg (A(x)) < « — 1. This shows that the right hand side of (I9) has the
coefficient of % equal to zero, which is a contradiction with Lemma [3.2] applied to
the data (ni1,...,n; —1,...,n;), and completes the proof of the Proposition.

(19) (z) + 2° T B(x),

Recall that m = min{k — 1,n — k}. We will fix j € {0,...,m}. Let F}  C
K[U, V] be the ideal of (n — 2j) x (n — 2j) minors of My_;_1,n—k—;jn(U, V). For
convenience, we set }'k_:l = (0). As My_(j11)—1.n—k—(j+1),n (U, V) is a submatrix of
Mi—j—1,n—k—jn (U, V), the following claim holds by performing a suitable Laplace
expansion on the minors of the latter matrix.

Lemma 3.4. For j =0,...,m—1, ]_—gn C]_-]zj;y

From Theorem [2.6] we deduce that 1 < dimg(Vy,v k) < m+1. We will look at
a geometric description of this stratification. For 0 < j < m, consider the algebraic
set V(]-",z)n) C (K'\ Z) x K™ defined by the vanishing of the elements of ]-",z)n. No
further assumptions on the field K are required for the following statements.

Theorem 3.5. Forj=1,...,m+1, (u,v) is such that dimg(Vy v nr) =7 if and
only if (u,v) € V(FILH\V(FL.
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Proof. Recall from Proposition22lthat Vy v n 1 can be identified with ker(My v n.k)-
Its dimension equal to one if and only if this matrix has maximal rank, which is
equivalent to (u,v) ¢ V(F ). This proves the claim for j = 1.

Suppose now that dimg(Vyvnx) = j+ 1, with 5 > 0. It is easy to see that
the (n — 27 + 1)-th dimensional vector of the coefficients of the minimal solution
(A9 (z), BY_, (z)) actually belongs to ker(Mj_;_1,n—k—jn(u,v)), and hence the
coefficients of both (A} (), BY_,(z)) and (zA} | (z),zBY_,(x)) belong to the
kernel of Ml_(;_1)—1,n—k—(j—1),n(0, v), which implies that the dimension of the
kernel of this matrix is larger than one, and hence we deduce that (u,v) € V(F ,i;l)

If in addition we had (u,v) € V(}',zyn), then there would be another element in
ker(Mg—j—1,n—k—jn(u,v)) linearly independent with the vector of coefficients of
(A%, (z),B%_,(z)), and encoding a pair of polynomials of degrees bounded by
k—j—1and n—k— j respectively, which also belongs to Vy v n, k. As we have that
either deg(AY | (z)) =k —j — 1 or deg(B%_,(z)) = n — k — j, we conclude that
this other element would then be a scalar multiple of (49, (x), BY_, (z)), which is
a contradiction. _
Reciprocally, if (u,v) € V(]—“,i;ll), then

dimK(ker(Mk,(j,1),11n,k,(j,1)1n (u, V)) > 2.

As all the polynomials (A(z), B(z)) coming from the coordinates of elements in this
kernel belong to Vy v n i, we deduce that the minimal solution of this space is of the
form (A9 _,(z), B, (z)) of degrees bounded by k—j —1 and n— k — j respectively.
Note that this vector also produces an element in ker(Mg_;_1 n—k—jn(u,v)). If
in addition (u,v) ¢ V(F}. ), then the coordinates of (A9 | (z), BY_, (z)) must be
the only -up to a constant- element of this kernel, which implies straightforwardly
that either k — j — 1 = deg(4Y_,(x)), or n — k — j = deg(B2_, (z)). The fact that
dimg (Vy,vnk) = j + 1 follows now straightforwardly from Theorem [2.61 O

From the proof of Theorem B.5 we deduce immediately the following character-
izations.

Corollary 3.6. For j=0,...,m, V(f,z;l) is equal to set of all (u,v) € (K'\ Z) x
K™ such that the minimal solution of Vy v n i has degrees bounded by k —1—j and
n — k — j respectively.

Corollary 3.7. For j =0,...,m,
(w,v) € V(FLLO\V(FL,) < dimg (ker(My—j—1,n—k—jn(u,v))) = 1.

To study irreducibility and rationality of our objects of interest, we will need
to use the language of and tools from Algebraic Geometry. So we will assume for
the rest of this section that our field K is contained in an algebraically closed field
K, which is where our geometric statements will take place. Given o, 8 € Zx,
n=(ni,...,n;) € Zso let Waap C (K'\ Z) x K™ x P*TP+1(K) be the incidence
variety given by

(u,vyap:...:aq :bo:...:08) € Wy ap
(20) ‘ =
AD (u) =30 _ ()i vig B (), i =1,...,1, j =0,...,n; — 1;
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where A(x) and B(x) are defined as

(21) Zaea? B(x Zb[d?

Theorem 3.8. Wy, o g is an w"reduczble variety of dzmenszon l+a+p+1, defined
over K.

Proof. The proof will be done by induction on n = |n|, the initial case being obvious,
as W1,q,3 is an irreducible hypersurface defined by one polynomial with coefficients
in K C K. Suppose then n > 1, Let A;, Bj, Uy, and V; with 0 <7 <, 0 < j <
8,1 <k <1l 0<t<ng—1, be distinct indeterminates over K. We will work in
the localized ring

R = K[Ul, ey Ul7‘/1,0; ey ‘/lynlfl,Ao, e ,Aa,Bo, e ’Bﬁ]nlgi<j§n(Ui_Uj)'

Set A(z) := Y, Aezt, and B(z) = Zf:o Byz®, which are elements in R[z].
Denote with I the ideal of R defined by

J
ADW) = () Vi BU(U), i =1,...,1,j=0,...,n; — 1.
t=0
Note that Wy o3 = V(I). Let J C R be the kernel of the map

R — K(Ul,...,Ul,AQ,...,Aa,Bo,...,BB)
Aj — Aj,jzo,...,a

(22) By — DBy, k=0,...,8
U, — Ui,iZI,...,l

Vie = 230w, t=0,...n—1.

From its definition, we deduce straightforwardly that J is a prime ideal, and
homogeneous in the variables 4;, B;. It is also clear that V(J) C (K'\ Z) x K" x
Po+A+1(K) is irreducible of dimension [ + o + 3 + 1. In addition, we have

!
IcJ=I:(][BW
i=1
for a suitable N € N, and hence we deduce that V(I : <Hli:1 BU)N)=V(J) C
V(I). In particular, the dimension of V(I) is at least { + « + 8+ 1. As

l
I: <_H B(U:))"Y) DAV( HB (D\UZ V(BU:) = i, V(D) \ V(B(U:)

(the first equality follows because K is algebraically closed, see for instance [CLOT5,
Section 4, Theorem 7]), the claim will hold if we show that the dimension of V(I)N
V(B(U,)) is strictly smaller than I+ a+ S8 +1 for some i = 1,...,1. We will actually
show that this will happen for all i. Indeed, suppose w.l.o.g. that ¢ = 1, and set
I, ;== I+ (B(U1)). We clearly have that V(1) = V(I) n V(B(U;)), and moreover
(w,vyag :...:aq 1 bg:...:bp) € V(I1) if and only if (z — uy) divides both A(z)
and B(x), and by setting A(z) = (z — u1)A(z) and B(z) = (x — u1)B(z), we have
that
J
(23) A () = () Via BU (i), i =2,...,1, 5 =0,...,n; — 1,
t=0
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and, if ny > 2,
(24‘) A(J) (Ul) = Z(])t Vvl,t B(]_t) (ul)u .7 = 07 ey — 2.
t=0
If either v or 8 is equal to zero, these conditions imply A(z) = B(xz) = 0, and hence
V(I) = 0, so the claim follows for this case straightforwardly. Otherwise, we have

(25) V(1) 2 (K? X Way,ona—1,8-1) \ (Z x K™)
if ny =1 (as uy and v1,¢ can be chosen arbitrarily), or
(26) V() >~ (K x Wa, —1na,..nia-1,8-1) \ (£ x K")

as the only “choice” here is given by vy, —1.

By the Induction Hypothesis, in both cases we have that the dimension of these
varieties is [ + o + 8, which is strictly smaller than dim(V (I)). This completes the
proof of the Theorem. O

Let m: Waya,p — (K'\ Z) x K™ be the projection onto the first factor. By the
Elimination Theorem, we have that 7(Wn «,g) is an irreducible variety, also defined
over K.

Theorem 3.9. With notation as above, 7(Why ) is a rational variety of dimen-
sion I+ min{n,a + B+ 1}, defined over K.

Proof. Thanks to Theorem [B.8 we have
dim (1(Wh,a,8)) <l+a+ B+ 1 =dim(Wyag).

Let My, g.n(U, V) be the n x (a+ 4 2) matrix defined in (7). It is straightforward
to check that

(27) (,v) € T(Wh,a,5) < dimg (ker(Ma,gn(u,v))) > 1.

If n < a+ 5 +2 the right hand side of (27)) holds straightforwardly, hence #(Wh o.3)
is the whole space (Kl \ Z) x K™. So, the claim holds for this case. Otherwise, we
will have that the rank of My gn(u,v) will be less than or equal to a + 8 + 1 for
those (u,v) satisfying 7). Let o := (71,...,7;) € N be such that #; < n; for
i=1,...,l,and m := Eizlﬁi:a+ﬂ+1<n.

Thanks to Proposition[3.Ilapplied to the field K, the matrix My g w(U, V) gener-
ically has maximal rank. Let Uy C (K'\ Z) x K®T#*! be the nonempty open set
consisting of all the data (u, v) such that M, g w(u, v) has maximal rank. We set
now the following rational map

Uy - T(Wh,a.8)

(w,v) (u,v,%(%)(t)(ui),1§i§l,ﬁi§t<ni),

(28)

where the coefficients of the polynomials A(z) and B(z) are extracted from the
signed maximal minors of My g w(u, v). The image of this map is clearly contained
in m(Wh,a,8), and the first coordinates of the map define an inverse, so it will be
birational with an open subset of (W ,8) provided that we can show that it is
regular in a nonempty open subset of Uy. But for this to happen, we need that
[T, B(ui) # 0. This holds thanks to Proposition B3] hence the map 28) is
regular in Uy N {[n-_,,. B(ui) # 0}, a nonzero empty set of (K'\ Z) x K*+A+1,

This concludes with the proof of the Theorem.
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Next result will help us characterize the set of unattainable points for the RHIP.

Corollary 3.10. With notation as in the proof of Theorem[38, if « =0 or =0,
m(V(I1)) =0, otherwise it is a rational variety of dimension | + min{n,« + S}.

Proof. From (28) and (28), we deduce that if 7(V(I1)) is not empty, then it is
birational to either K2xm (Wp,. . nia—1,8-1) 0t KXT (Wi —1.ns,...nj.0—1,5—1) - The
claim now follows straightforwardly by applying Theorem B9 to these varieties. [

Fori=1,...,1,let [; := I+(B(U;)), and M}, 5 ,(U, V) be the (n—1)x (a+5+2)
submatrix of M, g (U, V) made by removing the last row in the block containing
the UfS.

Proposition 3.11. Fora, §>1,i=1,...,1, we have
(u,v) em(V(L)) N (Z x K") <= dimg (ker(M},_; 5_; n(u,v))) > 1.

Proof. The matrix of the homogeneous linear system given by ([23) and 24) to
compute the coefficients of (A, B) is actually M, ; (U, V). The claim now follows

straightforwardly. O
We now come back to the Rational Interpolation Problem.

Theorem 3.12. For j = 0,...,m + 1, V(]-',z;ll) = T(Wak—j—1n—k—j)- It is a
rational irreducible variety defined over K, of codimension 2j if 7 < m, or the
empty set if j =m + 1.

Proof. From Corollary [3.6] we have that (u,v) € V(F ,i;l) if and only if the matrix
Mk—j—1,n—k—jn is rank deficient. From (27) we deduce then that

T(Wak—jtmh—j) = V(FL)-
The rest of the claim now follows from Theorem [3.91 O

Theorem 3.13. Let 1 < k < n. The set of unattainable points for the RHIP is a
unton Bi U B3 U...UBaym_1, where for j =1,...,m, Baj_1 is a disjoint union of |
rational irreducible varieties defined over K of codimension 1 in V(fg;f)\V(fi;l)

(i.e. of codimension 2j — 1 in the ambient space).
Proof. For j € {1,...,m+ 1}, thanks to Theorem B12 we have that
V(FO\VFLD = 7(Wak—jm ki) \ T (Wak—j1n—k—s)-

Let Baj—1 be the set of unattainable points of the RHIP lying in V(FZ;Q)\V(F,z;l).
If (u,v) € Baj_1, theremust be i € {1,...,1} such that (w,v) € m(Wi , ., .1),
where

ok jn—k—jt1 = Wak—jn—k—j+1 N V(B(Ui)).
We deduce that j must be at most m + 1. Corollary implies that each of the
W(Wé7k_j)n_k_j+l), i=1,...,n,isrational (in particular irreducible), of dimension
2(n — j) + 1. This concludes with the proof of the Theorem. O

Based on Theorems B.12 and BI3] we can design an incremental algorithm to
decide the solvability of the RHIP without computing any element of the kernel of
a matrix.
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Algorithm 3.14.

Input: n € N', k €N, (u,v) € (K'\ Z) x K"

Output: A message saying that (u, v) is unattainable or not for the RHIP associated
to n.

j:=min{k — 1, |n| — k}.

Compute the matrix Mg_1—j n—k—;n(u,v).

If ra nk(Mk 1—jn—k—jm(W,V)) =n —2j+1, then j — 1 — j, and goto (2).
i:

If

1= l + 1 then print “not unattainable” and stop the algorithm.
Compute the (n — 1) x (n — 2j — 1) submatrix M} , ; , , ; (a,v) by
removing the last row in the block indexed by w;’, and the columns k — j
and n —2j 4+ 1 of My_1_j n—k—jn(u,v).
(7) M rank(Mj,_; ;5 ;.(u,v)) =n—2j—1, then i + 1 — i and goto (5),
else print “unattainable”.

(1)
(2)
(3)
(4)
(5)
(6)

Remark 3.15. One could add an extra step at the end of (3) in Algorithm[317) to
compute a nontrivial vector in the kernel of Mly_1_; n—k—;n(u, v) whose coordinates
will encode the minimal solution of the WHIP.

4. EQUATIONS AND PROOF OF THE MAIN THEOREMS

In this section we will give explicit equations for the varieties V(]—',z;l) and

descriptions for the open sets V(Fi;l)\V(}',in). They will arise as maximal minors
of matrices of the form M, g (U, V), with o + 8 = n — 1. We start by fixing
(u,v) € (K'\ Z) x K". Recall from the Introduction that, for i = 1,...,n + 1, and
1 < k <mn, we denote by AR the i-th maximal signed minor of My_1 ,—.n(U, V).
The following result is an eaLsy verification.

Lemma 4.1. Up to a sign, A} ;. = Af .
Proposition 4.2.
dimg (Vuv k) =1 AL p(u,v) #0 or AR, (u,v) #0.

Proof. From Theorem 2.6l we deduce that dimg (Vy,v.n,x) = 1 if and only if the rank
of My,v n,k is maximal, so <] is clear. Reciprocally, if dimg(Vy,v.n,k) = 1, then by
Hilbert-Burch (A} 1,..., AR s AR i ys -+, AR 4 1) (1, v) generates ker(My v n k),
and hence must encode a minimal element in Vy, v n . We must have Azﬁ L(u,v) #0
or AR, . (u,v) # 0 thanks to Theorem again. O

From Lemma L] we can express Proposition in a more symmetric way.
Corollary 4.3.
dimg (Vyvni) =1< Ag)k(u, v) #£0 or APt k1 (u,v) #0.
Proposition 4.4. If2 <k <n—1, then

Afcl,k(uv v) = Ag,n+1(ua v) =0, and

dlm V v == 2<:> n n
& (Vo) { AR () #0 or ARy (,v) #0.
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Proof. Suppose first that dimg (Vu,v,n,k) = 2. Then, AL, (u,v) = A} . (u,v) =0
by Proposition Let (ao,...,ak—2,0;b0,...,bn—k—1,0) be the vector of coeffi-
cients of a minimal element in Vy y nk, with ag_2 0 or b,,——1 #0. If a2 #0
then (ao, ..., ak—-2;b0,...,bp—k—1,0,0) gives a minimal element in Vy v n x—1,n and
so, by Proposition .2 again, and using that AR ; ., (u,v) = A, (u,v) =0, we
have that Ag_l)k_l(u, v) #£ 0.

If b,——1 # 0 then (ag,...,ax—2,0,0;bo,...,bp—k—1) gives a minimal element in
Vuvnkt1,n and now AR 4 (u,v) # 0.

Reciprocally, if we assume AR (u,v) = AR (0, v) =0and A} |, ,(u,v) #
0, then dimg (Vy,v.n,x) > 1 by Proposition2l Let (ao, ..., ax—2,0;bg, ..., bn_x—1,0)
be the coefficients of a minimal element in Vyy 5% We sort them to produce
(@o,---,0k-2;b0, ..., bp——1,0,0), a minimal element of Vy v n k—1,n, & vector space
of dimension 1 since A} ;,; ;(u,v) # 0, and so ax—2 # 0. By Theorem we
deduce then that dimg(Vy v nk) = 2.

For the case AR, (u,v) = A7 (u,v) =0and A}, ; .,(u,v) # 0, the coeffi-

cients of a minimal element (ao, ..., ak—2,0;bo,...,bp—k—1,0) in Vy v n r will give a
minimal element of the form (ao, ..., ax—2,0,0;bg,...,bu_k—1) of the 1-dimensional
vector space Vy v n k—1,n» and hence b,_;_1 # 0. O

From Lemma [l we get the following equivalent result.
Corollary 4.5. If2 < m+ 1, then

A;cl,k(uv v) = A;cl-q—l,k-q—l(uvv) =0, and
AR k1 (0, V) # 0 or AR 4 yo(a,v) # 0.
Proposition 4.6. If2<j<m+1 (thatis, 2<j<k<n-—j+1), then
Ag,k(uvv) == A;cl—j+2,k—j+2 (u,v) =0
dimg (Vu,v k) =J & AE,nH(uaV) == Az+j—2,n+1(uvv) =0, and
A}cl—j+1,k—j+1 (u,v) #0 or A2+j—1,n+1(u7v) # 0.
Proof. By induction on j, the initial case j = 2 following from Proposition [£.4]
Let j > 2. Assume that dimg(Vyvnk) = j. By the induction hypothesis, we
must have AR, (u,v) =+ = AR ., o(u,v) =0, and A} (0, v) = =
'A}cl+j72,n+l(u7v) = 0, as otherwise it would be equivalent to dimg(Vyvnxr) =
Jo < J.
Let (ao,...,ak—4,0,...,0;bo,...,bp—g—;+1,0...,0) be the coeflicients of a min-
imal element of this space. If ay—; # 0, then

dim]K(Vu,v,n,k) =2<& {

(ao,...,ak_j;bo,...,bn_k_jH,O...,O,...,O)
encodes the coefficients of a minimal element in Vi y nk—(j—1),n, @ vector space
of dimension 1 and, by Proposition [4.2] AE—(J‘—1) k—(j—1) (u,v) # 0 (note that
A;cl—(j—l),n+1(u7 v) = A}?—(j—z),k—(j—z) (u,v) =0). If by_p—j41 # 0, then
(a,o,...,ak_j,()...,0,...,O;bo,...,bn_k_j_H)
are the coefficients of a minimal element in Vy v n k+j—1,n, and hence A2+j—1,n+1 (u,v) #
0 in this case.

Assume now that AR (u,v) = -+ = AR .o, o o(u,v) =0, A}, (u,v) =
cee= A2+j—2,n+1 (u,v) = 0. By the induction hypothesis, we have that dimg (Vy,v n,k) >
7 — 1. Let

(ao,...,ak_j,(),...,O;bo,...,bn_k_j+1,0...,0)
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be the coeflicients of a minimal element of Vy v n 5. If Agiﬂlﬁkﬁ.“ (u,v) # 0,
then the element

(ao,...,ak,j;bo,...,bn,k,jJrl,O...,O,...,O)
encodes a non zero element of the one dimensional space Vy v nr—jt+1,» Which
implies that ax—; # 0 and therefore that dimg (Vi,v,nk) = j. If A2+j—l,n+1 (u,v) #
0, then

(ao,...,ak_j,o...,0,...,O;bo,...,bn_k_j+1)
corresponds to a non trivial element in the one-dimensional vector space Vy v n k+j—1,n
and so dimg (Vy v,n,k) = j also in this case.

O

By using again Lemma [L1] we get the following equivalent result.

Corollary 4.7. If2 < j<m+1, then

A?,k(ua V)= = Ag—j+2,k—j+2(uv v)=0
dim(Vyvnr) =7 Apip(wv)=-=A0 ;.. (u0,v)=0, and
AR k(W v) #F0or AR (u,v) # 0.

We summarize our results with the following

Theorem 4.8. For j = 1,...m + 1, V(}',z;f) C (K'\ Z) x K™ is given by the
equations

(29) A]l[clfj+2,k7j+2 = A27j+3,kfj+3 == A?ﬂﬂ,kﬂﬂ =0.
The open set V(}',z;f) \ V(]-',g;ln) is defined by cutting the above equations with

{Ag—j-i-l,k—j-i-l 3’é 0} U {Afcl-l-j,k-i-j 75 0}'
Proof. The second part of the claim follows from From Corollary .7 and the char-

acterization of V(}',g;l) \ V(}'Ig ) given in Theorem The first part follows
straightforwardly by noticing that

VFED = (VEONVEFED) U (VIFED\VE ) U

and applying the first part of the claim to each of these pieces. This concludes with
the proof of the Theorem. (I

It turns out that this procedure also helps build minimal solutions of the WHIP
as follows:
Proposition 4.9. If (u,v) € V(}',z;f) \ V(]—',z;l) then the following expressions
are minimal solutions of the WHIP:
(30)
k—j n—2j+2 ki .
Ze:é Ag—j—i-l,é-',-l(uv V)fré; ZE:kijJrl Ag—j-i-l,f-i-l(uv V)/Ié kg1 if A}cl—j-i-l,k—j-i-l(uv v) # 0,
k—j n —k—7j .
Ze:é A2+j—1,é+1(uv V)$é§ Zezkﬂel A2+j—1,13+1(u7 V)xé k=gt if A2+j,k+j(ua v) # 0.
If AR i1 k—je1(,v) =0 (resp. AR, (a,v) = 0), the first (resp. second)
vector in [BU) vanishes identically.

Remark 4.10. From the previous claim we deduce that, as both vectors in [B0) are
minimal solutions of the same WHIP, up to a non-zero constant they must coincide

in {AR_ 11 k-1 7 0N {AR; 4y # OF.
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Proof of Proposition [{-9 1 AR ., .., (u,v)# 0 then, by computing the maxi-
mal minors of the matrix My v n,k—j+1, we deduce that

k= .
(1) Z Ao (W v)z; Z AR i1 (u, V)t kit
=0 t=k—j+1

is -up to a constant- a minimal solution of the WHIP with parameters (k—j+1,n)
as the kernel of this matrix has dimension one, and hence all solutions must be
multiples of (BI). As AR ., (0, v) =FA] ;5 ,io(u,v) thanks to Lemma
[T and the last expression equal to zero due to Theorem [£.8] we deduce that the
second coordinate of (BI]) has degree dy < n — k + j — 1. Note that (B3] is also a
minimal solution of the WHIP with parameters (n — do,n) (if it were not minimal,
there would be one of smaller degree which would contradict the minimality of (1)
as a solution of the WHIP with parameters (kK — j + 1,n). Due to Corollary 3]
we deduce then that either Agfdo’nfdo (u,v) # 0 or Agfdoﬂﬁnfdoﬂ(u,v) £ 0.
From (29), we must have that either n —dg < k—j+1lorn—do+1> k+j.
The first one cannot happen as we have dy < n — k + j — 1 above, so it should be
dop < n—k—j+1, which shows that (31)) is a solution of the WHIP with parameters
(k,n) (as the denominator has degree smaller than n—k), and moreover, we actually
have

n n—2j+2

n l—k+j—1 __ n l—k+j5—1

E Ak—j+1,e+1(ua v)x = E Ak—j+1,e+1(ua v)x )
(=k—j+1 (=k—j+1

so the first part of the claim follows for A27j+17k7j+1 (u,v) # 0. A similar argument
show that (B0) also holds when AR, ., (u,v) # 0.

For the second part, suppose that Ag_j+l7k_j+l(u,v) = 0. As we also have
AR iiini(wv) = £AR S op o (u,v) = 0 (due to Lemma ET] and Theorem
[4.8), we claim that all the maximal minors of My v n,x—;+1 vanish identically, and
hence (B1)) is the zero vector. To see this, if there is a non trivial minor of this ma-
trix, then (BI) would compute a non trivial solution of the kernel of My v n k—j+1
which has both leading coefficients (numerator and denominator) vanish. So, by
multiplying by a polynomial of degree 1 the two polynomials in (3I), we would
obtain another vector in ker(Muyvﬁnﬁk,jH) linearly independent with it. This im-
plies that the dimension of this kernel is at least two and hence all the maximal
minors of the matrix vanish, a contradiction which concludes with the proof of the
Proposition. O

As in Theorem BI3 we set Baj_1 to be the set of unattainable points of the
RHIP lying in V(F};2)\ V(F..!). The following result gives equations for this set.
Theorem 4.11. With notation as in the statement of Theorem [ 1, for 1 < j <

m, Baj_1 is a union of n components, each of them being defined, for a fized i €
{1,...,1}, by cutting the 2(j — 1) equations from 29) with

n—2j42 An (—k—j+1 o ¢ Am

D tmkm 1 AR j1em Uie . =0 o AR k70

n n —k—j+1 _ . n
Dtmtori—1 D101 Ui =0 i Alyjry 70

Up to a nonzero constant, these two polynomials coincide in the intersection of (29))

with {Al]’cl—j-i-l,k—j-l-l # 0} n {Az-i—j,k‘i‘j ;’é O}
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Proof. Recall from the proof of Theorem [B.I3]that B2;_1 is the set of unattainable
points of the RHIP lying in V(]—',g;z) \ V(]—',i;l). Theorem [L.8 gives the description
of V(]—',g;f) \ V(]—",z;l), the unattainable points of the RHIP are those where the

denominator vanishes after setting « — wu; for some ¢ € {1,...,1}, which means that
-thanks to ([B0)- we need to add the equation Z?;Zijil AR i1 Uikttt — g

—k—j+1
for AR sy hjpr #0500 Y 1 AR 1en Uy 7T = 0for AR # 0.
This concludes with the proof of the claim.
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