ON SINGULAR QUADRATIC COMPLEXES, QUINTIC CURVES AND
CREMONA TRANSFORMATIONS
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1. INTRODUCTION

Let G denote a smooth hyperquadric in P5 over the field of complex numbers, considered as
the Pliicker hyperquadric parametrizing lines in P3. A quadratic complex or to be more precise a
quadratic line complex is by definition a complete intersection X = G'N F', with a hyperquadric
F c P5 different from G. To give X is equivalent to give the pencil of hyperquadrics defined
by F and G in P5. Such pencils of hyperquadrics are classified by a so called Segre symbol (see
2.1).

Smooth quadratic complexes are classical objects that have been studied extensively since
the 19th century. In modern terms such a quadratic complex X is a Fano threefold of Picard
number 1 and index 2. So, as one may expect, the family of lines contained in X is related
deeply to geometric properties of X. For example, if L C X is a lineand 7 : X —-> P3is
the restriction to X of a linear projection of center L, then 7 is birational which shows X is
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2 ON SINGULAR QUADRATIC COMPLEXES

rational. One may prove that the base locus scheme of 77! is a smooth quintic curve of genus
2. Furthermore, this quintic curve, say C, may be identified with the set By of lines in X
meeting L, and its Jacobian parametrizes the entire family of lines in X (see [GH, Chap. 6]).

Now we assume that X is a singular irreducible and reduced quadratic complex; let Sing(X)
denote the singular set of X. Let L C X be a line and consider a (general) projection 7 :
X - —> P3 with center L. The purpose of this work is to classify quintic curves arising as the
base locus scheme C, of 7~! in the case where 7 is birational, and the Cremona transformations
obtained by composing 7~! with another projection of the same type.

More precisely, we first prove that 7 is birational if and only if L is not contained in Sing(X);
in this case C7, is an arithmetical Cohen-Macaulay quintic curve of arithmetic genus 2 (Propo-
sition [3.3).

If L contains a singular point o € Sing(X') then L belongs to the ruling of the cone CL,(X)
with vertex o which consists of lines in X going through o. We describe a directrix for such
a cone, depending on the Segre symbol of X and on the singular point o (Propositions
and . In this singular case X may contain planes (see Corollary and Proposition
Moreover By, may contain a dimension 2 component and dimension 1 components of By, are
sent to components of C. In this situation By and C}, are different in general. For the most
part and for simplicity, in this work we consider the cases where the pencil defining X admits
a unique cone of multiplicity > 2 (see § and Table .

Using the description of the cone above together with (Singular [DGPS]) formal computations
we obtain the ideal defining C', for every such line L, and we describe the irreducible components
and the non reduced structures of these quintic curves. The classification of these quintic
curves associated to quadratic complexes are given in Theorems for quadratic complexes
with isolated singularities, and for quadratic complexes singular along a dimension 1
subvariety, and for quadratic complexes singular along a plane. For a quick visualization
these results are summarized in tables with figures, following the theorems on dimension 0 and
1 cases.

Every such quintic curve is non reduced or non irreducible, contrary to the case where the
quadratic complex is smooth. Furthermore the types of directrices of CL,(X) and quintic
curves in fact characterize each Segre symbol.

In the last section we describe all Cremona transformations of P? which factorize via a
singular quadratic complex X as a product of two projections whose centers are lines meeting
Sing(X) (Theorems[6.4 and [6.10). As in [AGP] we obtain Cremona transformations of bidegree
(3,3) which are either determinantal or de Jonquiéres, according to whether, the lines, centers
of projection, are disjoint or intersecting in a smooth point of X, respectively. However, in the
case of a non normal quadratic complex (singular along a plane) all these transformations are
ruled; these do not appear when X is normal.

On the other hand, all the cases of Cremona transformations of bidegree (2,2) are obtained
when the two lines, centers of projection, meet in a singular point of X. These Cremona
transformations do not appear when the quadratic complex is smooth (see [AGP]). We also
give numerous examples.

2. QUADRATIC COMPLEXES

Let G C P° be a smooth quadric which we fix in the sequel. We may consider G as the
Pliicker quadric parametrizing lines in P3. Let F' denote a quadric in P?, different from G. The
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complete intersection

X =FnNgG,
parametrizes a set of lines in P?, which is classically called a quadratic line complex. We
consider only the cases where X is reduced and irreducible.

A quadratic line complex determines a pencil of quadrics in P which we call the pencil
associated to the quadratic complex. Pencils of quadrics are classified according to their Segre
symbol. The Segre symbol of the quadratic complex is by definition the Segre symbol of the
associated pencil of quadrics.

2.1. Segre symbol of a pencil of quadrics. Let us recall the definition of the Segre symbol

of a pencil of quadrics. Let (zy,...,Z,11) be coordinates for C"™! and let
F = E Qi X3y, G = E bijxixj
ij=Tyeest1 ij=1,een+1

be quadratic polynomials where A = (a;;) and B = (b;;) are symmetric matrices. By a slight
abuse of notation we will identify such polynomials with the hyperquadrics in P defined by
them, so we also write F' C P*,G C P".
Consider the pencil
P = {Q(A:u) - >\F+MG | ()‘ : :LL) S Pl}
of hyperquadrics in P". The discriminant of the pencil P is by definition the binary (n+1)-form
A=A\ p) :=det(AA + uB).

We assume in what follows that A(A, ) is not identically zero. So it has n + 1 roots counting
multiplicities. The general element of the pencil is then a nonsingular quadric and to distinct
roots there correspond distinct cones in the pencil.

Suppose () : i) is a root of A. It may also happen that all the subdeterminants of AA + i B
of a certain order vanish. Suppose that all subdeterminants of order n 4+ 1 — d vanish for some
d > 0, but not all subdeterminants of order n — d. This means that the quadric Q.5 is a
d-cone with vertex a linear space of dimension d and directrix a smooth quadric in a linear
subspace of dimension n — d — 1 in P".

Let I; denote the minimum multiplicity of the root (A : i) in the subdeterminants of order
n+1—i,fori=0,1,...,d. Then l; > l;;, for all ¢ so that e; :=[; — [;;1 > 0, and we have :

A i) = (A=A (A= Ap)“ Ag (A, ),
with Aq(\, ) # 0. The numbers e; are called the characteristic numbers of the root (X : fi) and
the factors (A\z — A\u)® are called the elementary divisors of the pencil P.
If (\; : p;) fori = 1,...,r are the roots of A and €, ... ,efi]_ the characteristic numbers
associated to the root (\; : pj) and dy > dy > --- > d,, then

o(X)=0(P)=[(eg...eq)(ef...€5)...(5...€;)]
is called the Segre symbol of the pencil of quadrics P. The parentheses are omitted if d; = 1. In
order to make it unique, we assume that the expressions (e}, ..., eili) are ordered lexicograph-
ically if d; = d;. We call these expressions the brackets of the Segre symbol of the pencil P
(even if the parentheses are omitted, i.e. d; = 0).

It is a classical fact (see e.g. [HP], p.278) that 2 pencils of quadrics P; and P, in P", whose
discriminants have roots exactly at (A} : p) and (A\? : u?), are isomorphic, that is, projectively
equivalent in P, if and only if they have the same Segre symbol and there is an automorphism
of P! taking (A} : u}) to (A2 : p?) for all i, where the brackets corresponding to (A : p}) and
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(A2 : u?) are of the same type. This can be used to define a normal form for those pencils P,
whose discriminant is not identically zero (see [HP], p.280):

For every ej- occurring in the Segre symbol of X suppose p; # 0 and consider the (e;'. X eé-)—
matrices

)
)

L 0 0 0 1
0o ... 1 ﬁ— 0 0 0 1 0
1 jT 0 ... 0 0 1 0 0
Ao 0 ... 0 10 0 0

i

The coordinates of P can be chosen in such a way that A and B are given as block diagonal
matrices as follows

A =diag(Aw, -+, Arq,) and B =diag(Bio, -, Brq,). (1)

We call these coordinates Segre coordinates of the pencil of quadrics P. Note that Segre
coordinates are not uniquely determined.

In what follows, we will be interested in quadratic line complexes, i.e, the intersection X of
the Pliicker quadric G parametrizing lines in P? with a second quadric F' C P°. The quadratic
line complex X is by definition the base locus of the pencil P. Thus X is the intersection of any
two different quadrics of the pencil. We will use here the Segre symbol of the pencil A\F' + uG
as defined above which is by definition the Segre symbol of X.

The brackets in the Segre Symbol correspond 1-1 to the cones in the pencil. We call the
cone Q(x,y,) corresponding to the bracket (ef), ..., el ) a cone of type (€f), ..., €} ). The quadric
(Q(\;:;) 1s then a d;-cone and the corresponding root in the discriminant A is a root of multiplicity

e’ := ) 5t e} By aslight abuse of notation we call Q(x,.,,,) a d-cone of multiplicity e’.

2.2. Vertices and singularities. In the following, unless explicit mention to the contrary is
made, we consider quadratic complexes whose Segre symbols have only one bracket with a cone
of multiplicity > 2 in the pencil. Let X be such a quadratic complex. We denote by V' the
vertex of the cone of multiplicity > 2 and let Vert(X) :=V N X.

Notice that a point z € X is singular if and only if x € X and x is a singular point of a cone
in the pencil, i.e. it belongs to its vertex. On the other hand, if there is another cone K in the
pencil, its multiplicity is 1 and it is a O-cone. By using the Segre coordinates it follows that
the vertex of K is not in X = K NG. We deduce that Vert(X) is supported on the singular
set Sing(X) of X.

Recall that X is assumed reduced and irreducible. Then the Segre symbol of X can not
contain a d-cone with d > 3, i.e. a bracket of length > 4 (see [ALL Lemma 4.1]). Table [1 gives
a list of results on the brackets occurring in this paper. Let us see how to prove some of the
last lines in this table. The rest is similar.

Consider first a pencil of quadrics Py := A\F; + uG; C P® with Segre symbol [(111)111].
Considering the normal form we can assume the generators to be given by:

Fy = a(2? + 23+ 23) + ay2? + asz? + agr? and Gy = 23 + 22 + 22 + 23 + 22 + 2. Tt follows that
there is a 2-cone C in the pencil given by C} = F; —aGy = (ay —a)z? + (a5 — a)z? + (ag — a)x?
whose vertex is the plane a given by x4 = x5 = x4 = 0. The base locus X is singular along the
non-singular conic in « given by 3 + 22 + 23 = 0.
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| bracket | dim of V| Vert(X) | | bracket [ dim of V| Vert(X) |

1 0 ] (22) I I line

2 0 1 point (32) 1 1 line

3 0 1 point (42) 1 1 line

4 0 1 point (33) 1 1 line

5 0 1 point (111) 2 smooth conic

6 0 1 point (211) 2 rank 2 conic
(11) 1 2 distinct points (311) 2 rank 2 conic
(21) 1 1 double point (411) 2 rank 2 conic
(31) 1 1 double point (221) 2 rank 1 conic
(41) 1 1 double point (321) 2 rank 1 conic
(51) 1 1 double point (222) 2 1 plane

TABLE 1. Segre symbols and vertices

Let P, P, Ps be pencils of quadrics C P® with generators F;, G;,i = 2, 3, 4 and Segre symbols
[(211)11], [(221)1] and [(222)] respectively. Here is a list of generators for P;,i = 2,3, 4:

2 2 2 2 2 2 2., 2 2
Fy = 2ax129 + axs + a7 + axy + asxy + agxg and Gy = 22129 + 25 + x5 + 75 + X5
F5 =2ax129 + 2ax324 + :L‘% + :c§ + aa:é + aﬁxg and G3 = 2x129 + 22314 + xé + :U%.

Fiy = 2ax1x9 + 202324 + 207576 + xf + x% + azg and Gy = 22129 + 20374 + 2x576.

The corresponding 2-cones are:
Cy = 25 + (a5 — a)x: + (ag — a)xg; Oz =] + x5 + (ag — a)vg; Cy =] + 23 + 73

Then Vert(F;NG;),i = 2,3,4 are a singular conic, a double line and a whole plane respectively.

Remark 2.1. If we consider a more general singular quadratic complex X whose Segre symbol
may have several brackets of multiplicity > 2 we have the following cases:

(a) dim Sing(X) = 0 and #Sing(X) < 6.

(b) dim Sing(X) = 1 and Sing(X) is supported on a line, a conic (possibly reducible) or two
smooth skew conics.

(¢) dim Sing(X) = 2, Sing(X) is a plane and X has Segre symbol [(222)].

(d) Sing(X) is supported on a line or a conic plus either one or two points in general position.

3. THE BIRATIONAL GEOMETRY OF QUADRATIC COMPLEXES

In this section we consider an arbitrary quadratic complex X = FNG reduced and irreducible,
which may be singular. We denote by 7,,F' the projective tangent hyperplane of F' at p € F..

Lemma 3.1. Assume F' to be smooth and let L C F' be a line. The following assertions hold:
(a) the morphism L =P — (P°)V,p — T,F, is non constant and UpeT,F = P°.
(b) the linear space V(L) := Nyer T, F has dimension .
(¢) If L is also contained in G and L N Sing(X) contains at least two points, then V3(L) =
VA(L).

Proof. For the first assertion we restrict to a general dimension 3 linear space containing L. It
follows that we are left with quadrics in a P? and the result follows.
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To prove (b) note that the map p — T,F € (P°)" is a linear immersion of L. If p,q € L,p # ¢,
then V2(L) = T,F N T,F, since every point in L is a linear combination of p and ¢. And now
(c) follows immediately.

O

Lemma 3.2. Let Y C P* be a normal irreducible surface and let y € Y be a smooth point.
Suppose Y is a complete intersection of degree 4. Then, the projection S C P? of Y from vy is
a cubic normal surface. Moreover, if Y is smooth, then S has at most two double points.

Proof. Since y is smooth, S is a cubic surface. Suppose it is not normal. Hence there is a line
Lo C S consisting of singular points. On the other hand, the intersection of Y with the plane
(y, Lo) contains an irreducible curve D that projects onto Ly.

The fact that S is singular along Lo implies 7s intersects Y \ {y} at two (possibly coincident)
points of D, for general s € Ly. Notice that Y being normal a general point in D is smooth in
Y. Since Y is an intersection of hyperquadrics, then 75 C Y for all s € Ly. Then (y, Lo) C Y
which is not possible, since Y does not contain planes. This contradiction shows that S is
normal.

For the last statement, we note that if Y is smooth, then it is a del Pezzo surface of degree
4. Hence, through y there passes at most two lines which are (—1)-curves in Y. By projecting
from y these lines contract to double points: indeed, denote by v : Bl,(Y) — Y the blow-up
of Y at y. Then v resolves the indeterminacy of the projection 7 : Y \ {y} — S, that is, rov
is a morphism. Since the (inverse) strict transform by v of those two lines are (—2)-curves, we
deduce 7 o v contracts them to double points. These are the only possible singular points of S
since this surface is normal and Bl,(Y") is a desingularization.

O

Let L be a line contained in X. Fix a general 3-space M in P°, and define a projection
7:P° ——> M =3 with center L; we assume M N L = (.

Proposition 3.3. The restriction of ™ to X induces a birational map X —— > P3, which we
denote also by 7, if and only if L ¢ Sing(X). Moreover, the inverse 7=1 is given by a linear
system A of cubic surfaces whose base locus scheme is an arithmetically Cohen-Macaulay quintic
curve C C P of arithmetic genus 2, such that a general element of A is:

(a) a normal cubic surface if dim Sing(X) < 1, with at most two double points if dim Sing(X) =
0.

(b) a non normal cubic surface if dim Sing(X) = 2.

Proof. Take a general point y € P?. Consider the plane H, := (L,y) generated by L and y.
Then

HNF=LULp, H,NG=LULg,
for lines Lp, Le C H,; occasionally Ly = L or Lg = L.
Suppose y € T,F = T,G for ap € L. Then H, is tangent to I’ and G at p from which we

deduce that the lines Ly and L pass through p. Hence either H,NX = L or H,NX = LUL'
with L' = Lp = Lg # L.
On the other hand, the birationality of 7 : X — - > P3 is equivalent to the fact that for a

general y € P3 the lines Ly and L intersect at a point of X \ L. We deduce 7 is birational if
and only if for a general y € P? we have

pe L, T,F=T,G = y¢&T,F.
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In other words, since Upe T, F = P? (Lemma, 7 is birational if and only if dim 7, FNT,G = 3
for a general p € L, which means L ¢ Sing(X) and proves the first part of the Proposition.

Now we assume L ¢ Sing(X). A general hyperplane section Y = HNX is then an irreducible
degree 4 surface such that Sing(Y) N L = (). Hence, by projecting Y form L we obtain a cubic
surface. The general elements of the linear system A defining 7~! are, by construction, these
cubic surfaces.

Note that Sing(Y') is either a line or a discrete set, depending on whether dim Sing(X) = 2
or less. Moreover, the surface Y = H N X is a complete intersection of degree 4 in H = P*.
Therefore a general hyperplane section H' N'Y of the surface Y is then an irreducible quartic
curve C' of arithmetical genus 1, with at most a unique double point, and this curve is disjoint
from L. Since all chords of C' are contained in H'NH = P3, we deduce D := 7(C) is a (complete
intersection) quartic curve in P? isomorphic to C.

Finally, take general irreducible cubic surfaces Si, Ss € A, such that S; NSy D D.

Since deg S; = 3,1 = 1,2, then S1NSy; = 'UD where I' is a curve of degree 9—4 = 5 containing
the base locus scheme of 7~!. Furthermore, since D is arithmetically Cohen-Macaulay, by liason
we get that T is also arithmetically Cohen-Macaulay of arithmetic genus 2 and h°(Zr(3)) = 6
(see [PS, §3]). Since the ideal sheaves of both I' and Base(m~!) are generated by six cubic global
sections we conclude I' = Base(m ).

If dim Sing(X') < 1, then Y, the general hyperplane section of X, is normal and it is smooth
when dim Sing(X) = 0. From Lemma [3.2|it follows 7(Y") € A is a normal cubic surface which
has at most 2 double points if dim Sing(X) = 0. This proves (a).

If dim Sing(X) = 2, then Sing(X) is a plane. It follows that Y is singular along a line and
therefore m(Y') € A is also singular along a line and is therefore a non normal cubic surface
proving (b).

O

It follows from the proposition above that all quadratic complexes X we are considering,
may be obtained as the image of a birational morphism ¢ : Z — X where Z = Bl (P?) is the
blow-up of P? along an arithmetically Cohen Macaulay quintic curve C' of arithmetic genus 2.
One constructs v by resolving the indeterminacy of the birational map 7#=! : P3 - - > X C P°
whose base locus scheme is exactly the curve C.

The corollary below is then straightforward.

Corollary 3.4. Let X C P° be a quadratic complex containing a line L ¢ Sing(X). Then X
is obtained from the blow-up of P? along an ACM quintic curve of arithmetic genus 2 in such
a way that general planes in P3 correspond to general hyperplane sections of X, containing L.

4. LINES AND PLANES IN THE QUADRATIC COMPLEX

4.1. Lines in the quadratic complex. For a smooth hyperquadric ' C P> we consider the
(extended) Gauss map VF : P° — (P°)V defined by VF(p) = T,F" it is a linear isomorphism.
If L C P°is a line, then VF(L) is a line in (P*)". We deduce the following result:

Lemma 4.1. Let X = F NG be a quadratic complex where F C P5 is another smooth hyper-
quadric. Then Sing(X) = {p € X;VF(p) = VG(p)}. In particular, for a line L C X, exactly
one of the following assertions holds:

(a) L C Sing(X).

(b) L N Sing(X) = 0.

(¢) #L N Sing(X) = 1.
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(d) #L N Sing(X) = 2.

Proof. The first assertion is clear. For the following ones we only note that VF(p) = VG(p) if
and only if p is a common zero of the 2 x 2 minors of the corresponding system on L = P!: the
number of solutions for such a system of quadratic equations is 0, 1,2 or oco. U

Definition 4.2. Let o € Sing(X) be a singular point of X. The cone of lines at o is the union
CL,(X) of lines in X passing through o.

Since o is singular in X we have T,F = T,G. Take a general 4-space P* ~ V4 C P%, 0 ¢ V%
Hence Xy4 := X NV*is a complete intersection in V* of the hyperquadrics F N V4, GNV4. If
x € XyaNT,G, then the line o7 is tangent to ' and G at o from which we get ox C FNG = X.
We deduce that the family of lines in X passing through o is made of the generating lines of
the cone with vertex o and directrix D = X4 NT,G. Moreover, we have

CL,(X)=XNT,G.
We also have the following related result:

Corollary 4.3. Let X C P be a quadratic complex and let o« C P be a plane. Then, X D «
implies Sing(X) Na # (). Moreover, if o € Sing(X), then there is a plane in X containing o if
and only if Xy NT,G contains a line, i.e., there is a plane in CL,(X) going through o.

Proof. The second statement is trivial. For the first one notice that p € a implies T,G O «
and T,F D «. Since the hyperplanes in P° which contain « are the points of a plane o in
the dual space (P%)V, the maps p — VF(p) and p — VG(p) induce linear maps VF|, : a —
a¥, VG|, : a — Y. Lemma implies these maps are both isomorphisms. Then, the one to
one correspondence VF(p) — VG (p) establishes an automorphism of o which has, of course,
(at least) a fixed point and the result follows from Lemma [4.1]

O

Now we describe the quartic curve D = Xya NT,G C VANT,G ~ P3. We know it is
a complete intersection of quadrics so it is an arithmetic genus 1 (possibly reducible or non
reduced) curve. The next result is well known (see [HP, Chap XIII, §11]).

Proposition 4.4. Let D C P? be the base locus scheme of a pencil P of smooth quadrics in
P3. We assume dim D = 1 and denote by o(P) the Segre symbol of P. Then exactly one of the
following situations occur:

(a) D is an elliptic curve Cy and the Segre Symbol o(P) is [1111].

(b) D is a rational curve Cy with an ordinary double point and the Segre Symbol o(P) is
[211].

(¢) D is a rational curve Cy with a cusp and the Segre Symbol o(P) is [31].

(d) D is the union of a twisted cubic and one of its chords C3U L and the Segre Symbol o(P)
is [22).

(e) D is the union of a twisted cubic and one of its tangent lines CsUT and the Segre Symbol
o(P) is [4].

(f) D is the union of two smooth conics Cy U C4 intersecting transversely at two points and
the Segre Symbol o(P) is [(11)11].

(9) D is the union of a smooth conic Cy and a rank 2 conic Ly U Ly such that |Coy N Ly =1,
i = 1,2: here we have two possibilities depending on whether Co N Ly N Ly = p is a point, in
which case the plane (L, Ly) is tangent to Cy, or it is empty; and the Segre Symbol o(P) is
[(31)] or [2(11)], respectively.
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(h) D is a non degenerate union of 4 lines U_;L; such that L; N L; # O if and only if
li — j| = 1 and the Segre Symbol o(P) is [(11)(11)].

(1) D is an open polygonal of three lines one of which supports a double structure 2LoU LU Ly
and the Segre Symbol o(P) is [(22)].

() D is a double rank 2 conic 2(Ly U Lg) whose double structure lies over a plane and the
Segre Symbol o(P) is [(211)].

(k) D is the union of two irreducible conics Cy U Ch intersecting at a (double) point and the
Segre Symbol o(P) is [(21)1].

(1) D is a conic Cy with a double structure lying over a plane and the Segre Symbol o(P) is
[(111)1].

Remark 4.5. (a) The curve D in case (i) is the complete intersection of a smooth quadric Q C P?
and a reduced and reducible quadric H; U Hy such that H; N Hy C Q.

(b) The curve D in case (j) is the complete intersection of a smooth quadric Q C P3 and a
double plane 2H such that H is tangent to () at a point.

If 0 € Sing(X) is a singular point as we saw before the ruling of the cone CL,(X) is the set of
lines in X passing through o. Proposition applied to D = X4 NT,G gives us information
about the singularity o € X, and D depends on the quadratic complex type.

Recall that if the pencil associated to X has a unique cone of multiplicity > 2, then the
intersection of its vertex with X, Vert(X) (see §[2.2), is supported on Sing(X).

Proposition 4.6. Let X = FNG be a a singular quadratic complex. For a point o € Sing(X)
we think of D = Xya NT,G as associated to a pencil P of quadrics in P? induced by the pencil
of X. The following statements hold:

(a) Suppose Vert(X) is discrete and o(X) contains a unique bracket with a cone of multiplicity
> 2. Then:

(al) If o(X) = [2 1111] or [3111], then o(P) = [1111].

(a2) If o(X) = [411], [51] or [6], then o(P) = [211], [31] or [4], respectively.

(a3) If o(X) = [(11)1111] or [(21)111], then o(P) = [1111].

(a4) If o(X) = [(31)11],[(41)1] or [(51)], then o(P) = [(11)11],[(21)1] or [(31)], respectively.

(b) Suppose Vert(X) = R is a line and o(X) contains a unique bracket with a cone of multiplicity
> 2. Then:

(b1) If o(X) = [(22)11], then there exist ri,r9 € R such that o(P) = [211] for o & {r1, 12}
and o(P) = [(11)11] for o € {ry,72}.
(b2) If o(X) = [(32)1], then there exists r € R such that o(P) = [31] for all 0 # r and
o(P) = [(21)1] foro=r.
(b3) If o(X) = [(42)], then there exist r € R such that o(P) = [4] for all 0 # r and
(2

o(P) = [(22)] foro=r.
(b4) If o(X) = [(33)], then o(P) = [(31)] for all 0 € R.

(¢) Suppose Vert(X) = Cy is a (possibly rank 1 or 2) conic and o(X) contains a unique bracket
with a cone of multiplicity > 2. Then:

(cl) If o(X) = [(111)111], then o(P) = [1111] for all o € Cs.

(c2) If o(X) = [(211)11] (resp. [(411)], resp. [(311)1]), then there exists r € Cy such that
o(P) = [211] (resp. [4], resp. [(21)1]) for o # r and o(P) = [(11)11] (resp. [(211)],
resp. [(111)1]) for o=r.

(e3) If o(X) = [(221)1], then there exist r1,r9 € Cy such that o(P) = [(21)1] for o & {r, 72}
and o(P) = [(111)1] for o € {r1,m2}.

2l
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(c4) If [(321)], then there exists r € Cy such that o(P) = [(31)] for o # r and o(P) = [(211)]
foro=r.

(d) If Vert(X) = « is a plane, that is 0(X) = [(222)], then there exists a smooth conic C, C «
such that o(P) = [(211)] for o € C, and o(P) = [(22)] otherwise.

Proof. We first recall that CL,(X) = X NT,G. We prove case by case and use notations as in
[J], where it is written the normal forms F' and G associated to the (for example) Segre symbol
[(21)111] as if it were [111(12)].

Case (al) We prove case [3111], the other is similar. We may assume
G =% + a5+ 235 + 22 + 22476, F = Ma] + Aawy + A313 + M\y(27 + 22476) + 22475
Hence one of the cones in the pencil defined by F' and G is
K= (A — M)a? + (A — A)zs + (A3 — A\g)as + 22475
with vertex o = (0: 0:0:0:0: 1) the only point in Sing(X). Therefore 7,G is defined by
x4 = 0, from which it follows X N 7T,G has equations
o7+ 23+ 2l 22 = M\t 4 As + Aswd + M2 =24 = 0.
Then o(P) = [1111].
Case (a2),0(X) = [6]: We may assume
G = 2w116 + 22975 + 22374, F = M\ (22126 + 20905 + 22374) + 22125 + 22014 + x?,)

and K = 22,15 + 22924 +22; then o= (0:0:0:0:0: 1) and T,G is defined by z; = 0. Hence
X NT,G has equations

ToTs + 1374 = A (20205 + 20374) + 20974 + 75 = 71 = 0
from which the assertion follows.
o(X) = [51]: Here
G = 23 4 22916 + 20375 + 23, F = \27 + Mo (22926 + 22375 + 23) + 20975 + 27374,
theno=(0:0:0:0:0:1) and T,G is defined by 25 = 0. We get X NT,G is defined by
T} + 22375 + 27 = M} + Ao(223w5 + 23) + 22374 = T9 = 0,
proving the assertion.

The remaining Segre symbol is done similarly.
Case (a3) and Case (a4): Proof as in the preceding cases, we omit the details.

Case (b1): In this case
G = x% + :Eg + 22324 + 22576, F' = Almf + A2x§ + A3(2w324 + 2w576) + x§ + xg

there is a cone in the pencil defined by K = (A\; —A3)23+ (Ao —A3) 23 +23+22, then R = Sing(X)
is given by 1 = a9 = a3 =25 =0;8¢t 0=(0:0:0:a:0:b) € L. We have T,G is given by
axs +brs = 0. If a # 0 and t := —b/a we get X NT,G is defined by the equations

o} 4 5 + 2(tzy + 16)T5 = M2 + o3 + 2N3(txy + w6) 75 + (12 + 1)k = 0.

If t* = —1, a straightforward computation shows o(P) = [(11)11]. Now, suppose t* # —1 and
set o, := 7 (txy + x6), where 7 is a square root of t2 + 1. The system of equations above
becomes

o]+ 23 + 272w = Aot + Aoxs + 2X\s7ahas + (2 4 1)k = 0.
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By setting z% := 725 we obtain equations for X N T,G of the form
o} + w2+ 20k = A\t + Aowd + 2X\sahak + (24)% =0,

therefore o(P) = [211] for such a t.

Finally, when a = 0 we also get o(P) = [211].
Case (02): In this case

G = 23179 + 22375 + 75 + 28, F = M\ (22105 + 22375 + 27) + Aozl + 77 + 27374,

There is a cone in the pencil defined by K = (Ay — A1)z2 + 27 + 2x374, then R = Sing(X) is
given by 11 = x3 =24 =26 =0;set 0 =(0:a:0:0:b:0) € R. We have T,G if given by
axy +brs =0.If a =0 or b =0, then T,G is defined by x3 = 0 or 1 = 0. In the first case we
see o(P) = [31], in the second case o(P) = [(21)1].

If ab# 0 and t := —b/a we get X N T,G is defined by the equations

2(t172 + I5)ZL’3 + IZ + ZE% = 2)\1(15172 + ZE5)J/’3 + )\1[@21 + )\Ql’g + ZL’3(JI3t2 + 21‘4) = 0.
Setting z = x5 + tzy and x% = x3t> + 2x4 we get, as before, that the Segre symbol of the

corresponding pencil in the variables x}, x4, 2%, z6 is [31].

Case (b3) Now
G = 2129 + 1376 + 1475, F = A\ (220179 + 22376 + 22475) + 27 + 20375 + 27

There is a unique cone in the pencil A\F + uG given by K = x? + 2x3z5 + 27 whose vertex
is the singular line R which in this case has equations z; = x3 = x4 = x5 = 0. Notice that
X = GN K. The tangent space T,G' to G at a point 0 = (0:a:0:0:0:0b) € R is given by
ary + bl’g =0.

If a =0, then T,G is defined by x3 = 0, from which we deduce T,G N X is defined by

T1X9 + Taxs = x% + xi =0,

and we deduce o(P) = [(22)].

If a # 0, we may take 0o = (0:1:0:0:0:0), then T,G is given by x; = —bzs. We obtain
T,G' N X is the cone over the quartic curve

To = T3Tg + Tals = b%?,, + 235 + a:ﬁ =0.

It is easy to see that it corresponds to the Segre symbol [4].
Case (b4): Now
G = 2x123 + 75 + 22476 + 22, F = A\ (220103 + 25 + 27476 + 72) + 27179 + 27475

There is a unique cone in the pencil AF + uG given by K = 2z + 22425 whose vertex is
the singular line R, and is given by x; = 29 = x4 = x5 = 0. The tangent space T,G to G at a
point o= (0:0:a:0:0:b) € R is given by az; + by = 0.

Let us compute T,G N X. If a = 0 or b = 0, then T,G is defined by z, = 0 or x; = 0,
respectively, and we see T,G N X corresponds to a pencil of Segre symbol [(31)]. Now suppose
ab # 0. Replacing x; = —§x4 = txy, we get:

214 (w6 + tws) + 25 + 22, 2Mxa(w6 + txz) + Axs + Mxs + 234 (75 + to)
Replacing 5 = x¢ + tzs and zf = x5 + tag we deduce G NT,G and F NT,G are given by

2r47h + 15 + 12, 2\ (T4 + 25 + 1) + 22478
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and we obtain the following quadrics in o, 2%, 4, z%:
G1 = 2242 + (1 + 1223 + 22 — 2twoxl, F) = 2\ (242h — tahas) 4 2w42h + A (1 +12)a3 + Ay (25)?

The associated symmetric matrix of the pencil F} + sGy is

MA+2)+s(1+t2) 0 0 —M\t—st
- 0 0 M+s 0
Als) = 0 MEs 0 1
— At — st 0 1 A+ s

The determinant of A(s) has a fourfold root s = —A;. In the 3 x 3 minor A(s)y, —A; is a
simple root. So the Segre Symbol is [(31)] because we have:

lo=4,l1=1ls,=0andsoey=1ly—l1 =3, e1 =01 —lp=1
where [;_; is the minimum multiplicity of the root in the subdeterminant of order 4 — i.
Case (cl): Here
F = XNat 4+ 23 4+ 23) + \az] + A2t + Nexg, G = af + a3 + a5 + 2f + 22 + 23
and the smooth conic C is defined by
i+ wi 2t =124 =25 = 36 = 0.

Take o= (a:b:c:0:0:0) € Cy. By symmetry we may suppose a # 0; set t := —b/a,u :=
—c/a, and note t* + u? = —1.

On the other hand, T,G is given by the axi + bxs + cxs = 0. To obtain equations for X N7T,G
we replace x1 by txy + uxs in the F, G and get

Fy = )\ (2tuxsxs — uQ:zrg — tzxg) + )\4333 + )\5:1:§ + )\6;15?5, G = 2tuzoxs — u%% — t23:§ + xi + a:§ + x%.

Since 2turorz — ux3 — t2x3 is a square we deduce the pencil defined by F; and G; has Segre
symbol o(P) = [1111] as we wanted.

Case (2): If o(X) = [(211)11] we have
F = M\a? + Xas + N\g(22 + 23 + 2w506) + 22, G = 22 + 25 + 23 + 27 + 22576.

Then Sing(X) is the rank 2 conic given by z; = 23 = x5 = 0 and z2 + 22 = 0. The intersection
of the two lines is the special point 0 = (0:0:0:0:0: 1). Considering CL,(X) we easily find
o(P) =[(11)11] and for a general point we find o(P) = [211]. The other cases are similar.
Cases (¢3), (c4): The proof here is similar as (¢2) and will be omitted.

Case (d): The quadratic complex is defined by

F =2\ (z129 + 2324 + T576) + x% + x% + :1:%, G = x179 + X374 + X576, (2)

so that the singular plane « is given by 21 = 23 =25 = 0. lf o= (0:a:0:b6:0:¢) € a,
then T,G = {ax; + bxs + cxrs = 0}, where, by symmetry, we may suppose a # 0. By making
ry = txg + uxs,t := —b/a,u := —c/a, the polynomials in become

Fy = 2\ (z3(tro+as) +os(uzetae) )+ (2 +1) 25+ 2tuzszs+(u>+1)22, Gy = x3(tra+ry)+5(uze+26).

We change coordinates as x)y := txg 4 x4, 2 := uxs + 26 which allows to describe X N7T,G, in
a dimension three projective space with coordinates xs, )y, x5, x5, by the equations

T3y + T5Tg = (t* + 1)a:§ + tursws + (u? + 1)m§ —0.
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First suppose (t* + 1)(u? 4+ 1) # 0 and choose square roots 7 and u from each factor there. By
making

Ys 1= T3, Ys = [Ty, Y5 1= [T5, Yo 1= T,
we obtain an equivalent linear system of equations

y3ya + Ysys = Y3 + 27ysys + y3 =0,
where v := tu/7p. Notice

Y3 + 27ysys + y3 = (y3 — 01ys) (ys — 2y5)

where 6 = —y + /72 — 1,01 = —y — /7% — 1. Moreover, the plane y3 — d;y5 = 0 is tangent
to the smooth quadric ys3ys + ysys at the point (0 : 1 : 0 : —9;), for i = 1,2. We deduce
a(P) =1[(22)] if §; # 5 (i.e. ¥* # 1) and o(P) = [(211)] otherwise.

Second, if (t +1)(u? + 1) = 0, by arguing analogously we easily get the corresponding Segre
symbol is [(22)] again. Hence o(P) = [(211)] if and only if 4* = 1, that is, a® + b* + * = 0,
from which we obtain the proof in this case. O

Remark 4.7. In the Proposition above we did not consider the cases where Sing(X) is mixed,
that is, when o(X) contains more brackets with a cone of multiplicity > 2. For example,
the Segre symbols [(22)2], [(111)(11)1], [(111)21],[(111)(21)],[(111)3] [(211)2] and [(211)(11)]
contain two such brackets.

It is important to note that for mixed cases the nature of o(P) can not be obtained from
that of the “pure cases”, as can be seen in the example below.

Ezxample 4.8. If o(X) = [(22)2], then Sing(X) = L U {p}, where L a line and p a point, p & L.
We will prove there exist p1,ps € L such that o(P) = [(22)] if o = p, o(P) = [(11)2] for
0 € {p1,p2} and o(P) = [22] otherwise.

Indeed, we may write

G = T1To + T3T4 + T5T¢, F = 2A15€1!L‘2 + 2)\2(1‘31’4 + I5ZE6) + I% + ZE% + l‘g
The pencil AF' + uG contains two cones given by
Ky = 2N\ — M) (w3mg + 2576) + 27 + 22 + 22, Ky = 2(\ — \o)a129 + 22 + 23 + 22

with vertices a point p=(0:1:0:0:0:0) and a line V; given by (21 = 23 = 23 = 25 = 0),
respectively. The tangent space T,G is given by z; = 0, then we easily obtain o(P) = [(22)].

Foro=(0:0:0:a:0:b) €V, the corresponding tangent space to G is given by
axz + bry = 0. If a = 0 then T,G is given by x5 = 0 and then T,G' N X is defined by the
equations

T1T9 + T3y = 2/\11’11‘2 + 2)\21‘31'4 + I% + .T§ = Ty = 0

which shows o(P) = [22] in this case.

Finally, if @ # 0 we make x5 = txs, with ¢t := —b/a, and set x)y = txy+x6. We obtain T,GNX
is defined by the equations

T1Ty + Ty = 2\ 3120 + 20025 + 22 + (2 + 122 =0 (3)

in the dimension 3 linear space of coordinates xy, zo, ), T5.

On one hand, it #* # —1 we choose a square root 7 of * + 1 and by changing coordinates as
Y1 1= T1, Y2 = Ty, Yy = T ‘2 and y5 := Tx5 We obtain an equivalent system of equations

Y12 + Yats = 2M0192 + 2Xouays + y; +y2 = 0

which shows o(P) = [22].
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On the other hand, if > = —1 the system of equations in becomes
11Ty + X5 = 20217 + 2\gax5 + 77 = 0;

by making a change of coordinates keeping x; and z, unchanged and in such a way that z/jz5
is a sum of squares of the other two coordinates we easily deduce o(P) = [(11)2].

Now we consider lines in X passing through a smooth point.

Proposition 4.9. Let X be a quadratic complex. For a point x € X we denote by ((x) the
number of lines in X passing through x. We have:

(a) for o € Sing(X), any line in X intersects a line of the ruling of CL,(X).

(b) = & Sing(X) implies ¢(x) > 1 and either {(x) < 4 or {(x) = oo; it follows that X is
covered by lines. Moreover, in the last case we have exactly one of the following situations:

(b1) T,X N X is either a plane or the union of a plane with a line passing through .

(02) T, X N X is the union of two planes intersecting along a line passing through x.

(b3) T, X N X is an irreducible quadratic cone with vertex at x.

Proof. Statement (a) is promptly obtained: for a line L C X\ {o} there exists p # o in LNT,G;
the line op is contained in X N7T,G = CL,(X).

To prove (b) note that X N T, X is the intersection of two quadric cones in T, X = P3, with
vertex x. It is a cone whose directrix is the intersection of two coplanar conics. This intersection
may be a set of at most four points, a line, a line and a point, two lines or a smooth conic from
which we have the assertions. U

Remark 4.10. From Propositions and we obtain quadratic complexes with a unique
singular point but which contain either a plane or two planes intersecting along a line. Indeed,
it suffices to consider complexes with a singular point o such that a directrix of CL,(X) contains
either a line or two lines intersecting at a point.

The remark together with the following examples show all possibilities in Proposition [4.9
really occur.

Ezample 4.11. Let X = FFN G be given by the (smooth) quadrics
Fi=a]+a5+ 15 +x614 + 72, G =23+ 25+ 135+ 5 + 1475 + T576.

Take the smooth point 2 =(0:0:0:0:0:1) in X. Then T, F and T,G are given by x4, = 0
and z5 = 0. It follows that T, X N X =T, FNFNT,GNG is the cone with vertex x over
the smooth conic in X with equation 27 + 23 + 22 = 0 contained in the plane V given by
x4y = x5 = xg = 0; notice that V does not pass through x and it is contained in 7, X. This
conic is the singular locus of X.

Furthermore, note that F' — G is a cone in the pencil, with vertex V', V N X is the conic
above, and the discriminant of the pencil has —1 as triple root and three other simple roots.

Then o(X) = [(111)111].
FExample 4.12. Consider the quadratic complex defined by
K= T1To + Tys, G = T1T3 + Tol4 + T5Xg.

In this case Sing(X) is the line 7y = x5 = 24 = x5 = 0.

Let . =(1:0:0:0:0:0). Hence x is a smooth point with 7, X given by zs = x5 = 0.
Therefore X N T,X is the union of the plane o = 3 = x5 = 0 and the line 29 = 23 = x4 =
T = 0.
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On the other hand, if x = (0:1:0:0: 0 :0), then 7, X is given by z; = x4, = 0 and
XNT,X is the union of the two planes x; = x4 = x52¢ = 0. The Segre symbol of this quadratic
complex X is [(321)].

Ezample 4.13. Consider the quadratic X such that Sing(X) is a plane a. According to the table
in §1 we know o(X) = [(222)] and we can assume X = ' N G where

F = 2a(z1my + 1374 + 576) + 27 + 23 + 22 and G = 23,2 + 22374 + 27576,
so that the singular plane « is given by x1 = 23 = 25 = 0.

On the other hand, the pencil AF' + uG contains the cone z7 + z3 + 22, which is the join of
a and the conic C given by @9 = x4 = 16 = 22 + 22 + 22 = 0.

Seto=(0:u:0:v:0:w)€ a The tangent space T,G given by uzy + vrs + wxs = 0,
intersects C' in two occasionally coinciding points, p, ¢ say; these are coincident when (u : 0 :
v:0:w) € C. By construction the lines op and og are contained in X. It follows that X is the
union of these pairs of lines as o varies in «.

We conclude that for every point in « there passes two lines (counted with multiplicity)
meeting C' and contained in X.

4.2. Planes in the quadratic complex. Let X be a singular quadratic complex. If « C X is
a plane in X we know that there exists o € aNSing(X) (Corollary [4.3)), we deduce a C CL,(X).
Conversely, if o € Sing(X) and R C CL,(X) is a line with o € R, then we get op C X for all
p € R. Thus, the plane a := (0, R) is contained in X.
The following result follows readily from the argument above and Propositions and [4.6]

Proposition 4.14. X contains a plane if and only if there ezists o € Sing(X) such that
a directric D of CL,(X) contains a line. Moreover, if o(X) contains only one bracket of
multiplicity > 2, this occurs when o(X) is one of the following:

[6], [(51)], [(21)111], [(11)1111], [(33)], [(42)], [(321)], [(411)], [(222)].
FExample 4.15. Consider the pencil generated by
K| = 21123 — 014 and G = x123 + T214 — 22576.
Its Segre symbol is [(11)(11)(11)]. The cones in the pencil are K; and
Ky = 2123 — 25206 and K3 = 2914 — T526.
The corresponding vertices of these 1-cones are the lines Vi, V5, Vi3 given, respectively, by
T1=X0=3=24=0, s1 =23 =05=24 =0, 9 =24 =25 = 24 = 0.

Note that X has 6 singular points, the intersection that we get intersecting G with V;,7 = 1,2, 3:

po=(1:0:0:0:0:0) py=(0:0:1:0:0:0) pp=(0:0:0:1:0:0)

p3=(0:1:0:0:0:0) p4=(0:0:0:0:0:1) ps=(0:0:0:0:1:0)

On the other hand, we may see that X is the image of the rational map ¢ : P? — — = P® defined
by (see [AGP, Example 4])

¢ = (2%y : 2y*  yzw : 22w TYW : TYZ).

A straightforward computation shows ¢! is the projection of X from the line L = pips that
goes through the singular points p; and ps.

Note that the quintic curve C' in this case is reducible, a union of 5 distinct lines, and that
the quadratic complex X has six ordinary double points.
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Let us explain how we get the five lines of the quintic C. A plane generated by 3 singular
points, one in each vertex, is contained in X. Hence, the quadratic complex contains the
following 8 planes:

024,025,034, 035,124, 125, 134, 135

where 024 means popsps and similarly with the other planes. The P? generated by the line L
and the planes 024,025, 134, 135 project into 4 lines in P? from L. The remaining planes are
contracted since they contain the line L. The remaining component of C' is the projection of
(L, V1).

5. CLASSIFICATION OF THE ASSOCIATED QUINTICS

Let X = FFN G C P° be a singular quadratic line complex as in §. Let L C X be a line,
L ¢ Sing(X), to which we associate a projection m : X —-> M = P3 as in Proposition ,
C = Base(r™!).

Proposition 5.1. Let p € L be a point such that T,F" N T,G'N X has dimension 2. Then, we
have at least one of the following:

(a) C is reducible;

(b) C is supported on a line;

(¢) Every dimension 2 component of T,F'NT,G N X is a plane containing L.

It follows that if L N Sing(X) # 0, then C' is either reducible or non reduced.

Proof. Suppose (c) does not occur. Then the image of the cone T,,F' NT,G N X by 7 contains
an irreducible component of C, say Cy, with deg Cy < 4. If C' is irreducible we may write the
1-cycle associated to C' as C' = mCy for a positive integer a. Then 5 = deg C' = mdeg Cy. We
deduce m = 5 and Cj is a line, which proves the statement.

For the last assertion suppose p € Sing(X). If C satisfies (a) or (b) there is nothing to
prove. Otherwise C' satisfies (c); in this case the directrix of the cone CL,(X) contains only
lines, at least two (see Propositions and . It follows that C' contains at least a line as a
component. O

In the following (§[.1] §[.2 and §p.3) we describe the components of the ACM quintic
curve C of arithmetic genus 2, base locus of the linear system of cubics defining 7, giving
a classification in terms of the Segre symbols o(X), first when Sing(X) is a discrete set, then
when it has dimension 1 and finally when it is a plane.

This classification is obtained in the following way. First the center of projection, the line
L, is chosen through a singular point o € Sing(X) and a point p in a directrix D of the cone
CL,(X). Propositions and give the general and special positions for p to consider. Next,
since lines in X intersecting L correspond to points in the quintic C' these propositions give
the part of C' coming from lines going through o. This part of C, image by 7 of CL,(X),
is contained in a plane since L C CL,(X) C T,G ~ P* The complete results are obtained
by computing the cubic polynomials defining 7=! and the primary decomposition of the ideal
generated by them.

5.1. Quadratic complexes with isolated singularities. Recall that the brackets for which
Sing(X) has isolated singularities, and to which the following result refers, are classified in the
list given in Table [}

Theorem 5.2. Let C' be the base locus of the linear system of cubics defining 7! as above.

Assume Sing(X) is discrete and let o € Sing(X) N L. We also denote by D a directriz of the
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cone CL,(X). Then C contains a plane curve and we get the following assertions about the
genus two quintic curve C, depending on the choice of o and {p} = LN D :

(a) If o(X) 4s [21111], [3111], [(11)1111] or [(21)111], then C consists of an elliptic cubic curve
lying in a plane, and a conic (smooth in the two first cases and of rank 2 in the other cases)
in a different plane; these curves intersect in two points in the first and third cases and in a
double point in the other cases.

(b) If o(X) is [411] (resp. [51]), then D is a quartic with a singular point s and we have two
cases:

(b1) If L goes through s then the quintic C' consists of a smooth conic with a double structure
union a secant (resp. tangent) line.

(b2) If L goes through a general point of D then C consists of a nodal (resp. cuspidal) cubic

curve union a smooth conic through the singular point of the cubic.
(¢) If o(X) is [6], then D is a twisted cubic union a tangent line C3 UT. If L goes through
CsNT (resp. C3\T'; resp. T\C3), then C' consists of a smooth conic with a double structure
union a tangent line (resp. two not coplanar smooth conics meeting in a point union a tangent
line to one of them at this point; resp. a cuspidal cubic union a smooth conic through the cusp).
(d) If o(X) is [(31)11] (resp. [(41)1]) then D is the union of two not coplanar smooth conics
meeting in two points (resp. a double point) and we have two cases:

(d1) If L goes through a general point of D then C' consists of a smooth conic union two lines
one of them with a double structure which is secant (resp. tangent) to the conic, the other line
meeting only the double line.

(d2) If L goes through a singular point of D, then C' consists of a rank 2 conic with a double

structure and a general secant line (resp. a coplanar line through the singular point of the
conic).
(e) If o(X) is [(B1)], then the directriz D consists of a smooth conic Cy union a rank 2 conic
{1 U Uy intersecting in a point s € Cy. If L goes through a general point of Cy then C' consists
of three coplanar and concurrent lines, one of them with a double structure, union a fourth
line meeting the double line. If L goes through a general point on the lines ¢;,i = 1,2, then C
consists of a smooth conic union a tangent line with a double structure union one more line
meeting the double line. If L goes through s, then C consists of two meeting lines, one with a
double structure and the other with a triple structure.

Proof. First of all recall that the projection of CL,(X) is contained in a plane so C' contains a
plane curve.

The different cases to consider for the line L = op follow from Propositions , part (a), and
44

We prove (a) and (b), the proof of the other cases are similar.

(a) According to Proposition (a), in all these cases D corresponds to the Segre symbol
[1111]. Tt follows it is a nonsingular elliptic quartic curve by Proposition (a). Since we
project with center a line L meeting D, then the image of D is an elliptic plane cubic C3. We
deduce C' = (53 U Cy where Cj is a degree 2 curve.

On the other hand, recall that C' is an ACM quintic curve of arithmetic genus 2 (Proposition
, it follows there exists a unique quadric ) containing C. Then ) = H; U Hy and Cj is
contained in one of these planes, say H;. Since C' is contained in irreducible cubic surfaces (in
fact smooth), then Cy is contained in Hs and is a conic, maybe singular.

Since the arithmetic genus of C3UCy is 2, we deduce that these curves intersect in (counting
multiplicities) two points.
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The different cases in the statement occur as we may verify by a direct computation using a
computer algebra system.

(b) If o(X) is [411] (resp. [51]), Proposition implies D corresponds to the Segre symbol
o(P) = [211] (resp. [31]). According to Proposition the curve D is a rational quartic C,
with an ordinary double point (resp. a cusp). We then have two cases:

If L intersects D at the singular point, then it projects to a smooth conic with a double
structure, and the quintic C' contains also a secant line (resp. a tangent line) to this conic.

If L intersects D in a smooth point, then it projects to a plane cubic curve with a node (resp.
cusp). As we saw in the proof of case (a) we have C' is the union of this curve and a conic Cs.
In this case Cy is smooth and goes through the singular point of the cubic curve.

The two cases can be computed using a computer algebra system to find first the six cubic
polynomials given by 7! and defining C, then the primary decomposition of the ideal generated
by them to obtain the components, multiple structure and their mutual intersections.

For example, for o(X) = [51], the singular point of X iso=(0:0:0:0:0:1). By using
equations for CL,(X) as in Proposition [4.6] case (a2), we may choose D as CL,(X) N {zs = 0}.
The singular point of Disp=s=(0:0:0:0:1:0). If we project from L = op to M ~ P?
defined by (x5 = z¢ = 0), disjoint from L, then we compute 7! by substituting the equations
of the plane (L, m), m € M, into the equations of X and eliminating x5 and z5. We obtain

7l = (2mya) 1 205 1 2w5ws 1 205wy ¢ —wo(NTT + 22374) 1 —TTy + AT X3 + 20574 — X273,

where A\ = A\; — Ay is a nonzero parameter.
The primary decomposition gives the components of C', a reduced line defined by (x4, x3) and
a smooth conic defined by (z2, Ar? 4+ 2x374) with a double structure whose ideal is generated by
13, N2 23+ 2092304 + 2\037y — ANTox2, N2 23wy + 22334 + 20\ v0x314, N2 + 202 w0my + 20230304 +
2293, Notice that the line is tangent to the conic. This proves (b1) for o(X) = [51].
A general point of D may be parametrized by
YDA o

p(t)::(t:O:l:—T.—?—g.O).

since D is defined by (\r? + 2z314 = 22 + 22375 + 22 = 13 = 76 = 0). Now we take the line

L = Ly = op(t) and project to M = (x3 = x¢ = 0). We may suppose without loss of generality
that A = 1. By a computation analogous to the preceding one we obtain the components for
C = Cy: if t # 0, a cuspidal cubic defined by

Ty = (2 + 2)atwy + 2wy 2h + 225 — 22325 = 0
where the cusp is (z; : 22 124 :25) = (0:0:0: 1), and a smooth conic defined by
Stzy — (t* + 4t%)wy + 8y = — (¢ + 8% + 16t1) 23 + (16" + 64t 297y — 642] — 128t* w075 = 0;

ift =0, 19 = 2224+ 23 — 2225 = 0 and x4 = 27 + 22975 = 0, respectively. The conic meets the
cubic at its cusp, and this proves (b2) for o(X) = [51].
J

Remark 5.3. A special case where C' contains a line as one of its components is when X contains
a plane o with o € @ and L ¢ a.

Graphically, the conclusions of Theorem may be summarized in the following table of
pictures.

Table of results for dim(Sing(X))=0 :
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s

21111]

[3111]

[(11)1111]

[(21)111]

[411]

[51]
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Vert (X) directrix D quintic curve C'

1 point S

elliptic quartic elliptic C3 U smooth Co
[1111]

1 point S

elliptic quartic elliptic C'3 U smooth Co
[1111]

2 points S

elliptic quartic elliptic Ca U rk 2 C.
[1111] phie s ?

1 double point S

/

elliptic quartic elliptic Ca U rk 2 C.
[1111] pre s 2

double smooth C2 U secant line
1 point

nodal quartic
[211] >

“

nodal C3 U smooth Co

/N

double smooth Cy U tangent line
1 point

cuspidal quah9

(31]

[

cuspidal C3 U smooth Cs
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[(31)11]

[(41)1]

[(51)]

5.2. Quadratic complexes singular along a dimension 1 subvariety. Now we suppose
dim Sing(X) = 1. Since Vert(X) is supported on Sing(X), Table [1] gives the list of cases we
consider in this paragraph. We have Vert(X) is either a line, a smooth conic, a rank 2 conic or

a rank 1 conic.

First suppose Vert(X)
and m: X - -> P3

ON SINGULAR QUADRATIC COMPLEXES

//iouble smooth Co U tangent line

1 point

twisted cubic U tangent hne | cuspidal C3 U smooth Cs
4]

smooth Co U tangent line U smooth C’é

double rk 2 Cg U secant line

1 double point

two conics
[(11)171]
smooth C2 U double secant line
U line
double rk 2 CQ U special line
1 double point -
two conlcs —
[(21)1]
smooth Co U double tangent line
U line
double line U trlple line
1 double point
\ smooth C2 U double tangent line
conic U rk 2 conic U line
((31)]

double line U rk 2 C5 U line

= Risaline. Let L C X be aline with L ¢ Sing(X), LNSing(X) # 0
= M the projection with center L and M general.

Under these conditions, we have:
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Theorem 5.4. Let C be the base locus of the linear system of cubics defining m=*. We assume
LN R = {o}. We also denote by D the directriz of the cone CL,(X). We get the following
assertions about the genus two quintic curve C, depending on the choice of o and {p} = LN D.
(a) Suppose o(X) = [(22)11]. Then o has two special positions r1,rs, and we have:

(al) If o € {ry, 2}, then according to the choice of p € D we have that C consists of a rank
2 conic with a double structure, and a general chord; or a smooth conic union one of its chords
with a double structure and a line.

(a2) If o is general, then C' consists of a plane nodal cubic curve union two lines through the
node.

(b) Suppose o(X) = [(32)1]. Then o has one special position and there are two possibilities:

(b1) If o = r is special, then C consists of a smooth conic union one of its tangents with a
double structure union a skew line through the point of tangency.

(b2) If o is general, then C consists of a plane cuspidal cubic curve union two skew lines
going through the cusp.

(¢) Suppose o(X) = [(42)]. Then o has one special position r and we have:

(cl) If o = r, then according to the choice of p € D we have that C' consists of a line with a
triple structure union a line with a double structure; or a rank 2 conic, each of its components
with a double structure union a special chord; or a line with a triple structure union two simple
lines.

(c2) If o is general, then C' consists of a smooth conic union a tangent line union two other
lines through the point of tangency; or a plane cuspidal cubic curve union two skew lines through
the cusp.

(d) Suppose o(X) =[(33)]. Then o has no special positions and there are two possibilities:

(d1) C consists of a conic union one of its tangent lines with a double structure union a line
going through the point of tangency.

(d2) C consists of four concurrent lines, one of them with a double structure.

Proof. As we said before, we keep notations as in Proposition [4.6| and its proof and each time
use this result together with Proposition [4.4}

(a) By Propositions and there exist r1,ry € R such that D is a rational quartic curve
with a node when o & {ry, 72} and two skew conics intersecting at two points when o € {ry,75}.
Note that R and the center L of projection belong to the ruling of CL,(X).

(al) Suppose D consists of two skew smooth conics intersecting at pq, po. It is easy to see
that R goes through one of them, p; say. It follows that L can go through p, or can intersect
one of the conics outside {p;, p2}. In the first case each of these conics projects to a line and in
the second case one of these conics projects to a (smooth) conic and the other one to a chord.
More precisely:

In the first case, and according to the proof of case (b1) of Proposition [4.6] we have o = (0
0:0:1:0:—=4),p1r=(0:0:0:0:0:1)€R, pp=(0:0:4:1:1:—i)€ D. Using some
computer algebra system we may calculate 771 to obtain the degree 3 homogeneous polynomials
defining C. Recalling that the saturated ideal of an ACM quintic curve is always generated by
a quadric and two cubic polynomials, we can compute the ideal of C' to be

Z(C) = (:cg, Z‘g(l’% — 21:%), ixf:cg + z':chg + :cga:f — 21’61}%),

in terms of the coordinates of the 3-space defined by (x4 = x5 = 0).
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We get double structures supported on the lines x5 = x1 £ v/2x5 = 0, and a simple line
x3 = xg = 0. When L is generated by o and a general point p € D, D the union of two smooth
conics the computations are similar and we omit the details.

(a2) Suppose D is a rational quartic, then R contains its singular point, therefore L intersects
D at a smooth point. Then 7 projects CL,(X) onto a nodal plane cubic curve union of two
lines through the node. The details, which we omit, are similar to some we give below, for
example (b1) and (b2).

(b) In this case, for the special point r € R, the curve D is the union of two skew irreducible
conics each in a tangent plane to the other, intersecting in a point of R. For a general point of
R we have a rational quartic curve with a cusp belonging to R.

(b1) Let L = op with o = r and p a general point of D. Then the part of C' coming from
CL,(X) consists of a smooth conic union one of its tangent lines with a double structure; since
(' is a quintic curve it must contain another simple line.

More precisely, with the notations of Proposition [4.6(52), let o =7 =(0:0:0:0:1:0) be
the special point. It follows that 7,G = (z3 = 0) and D is the union of two conics in the planes
given by (z; + 26 = 0) and (x; — ¢ = 0), where without loss of generality we are assuming
that Ay = —1 and A\; = 0. One of the conics can be parametrized by p(t) = (1: —3(t*+1): 0
t:0:1).

Let L; = op(t) and M = P? given by (21 = x5 = 0). As before we may compute 7~ and
deduce the primary decomposition associated to C. We get the conic with ideal (w3, —2% +
Toxg + txaxg), union the tangent line (x3,x¢) with a double structure, union the simple line
(2my — twg, t?x3 — 2x4) if t # 0 or (wy,76) if t = 0, going through the point of tangency
(xg:a3:xy:26)=(1:0:0:0).

(b2) Let 0o =(0:1:0:0:b:0) be a general point of R = Sing(X). It follows that T,G is
given by x; = —bxs. Intersecting the generators of X with 7,G and x5 = 0 to avoid the point
o0, we get the rational singular quartic curve D in P? with coordinates w3, x4, x5, T, given by
the two equations:

1

b2x§ + 223704 — x% = 2315 + xi + :L‘g =0
Outside its singular point (0: 0 : 1 :0), the rational quartic curve D can be parametrized by:

T3 = 1, Ty = %(t2 — bz), Ts = —ét4 + leb2t2 - %b4 - %tz, Tg =1
We then consider a line L joining a general point o € R with p,(t) € D as above and the
P3 = M given by 25 = x3 = 0. Projecting X with center L onto M we get the genus 2 quintic
curve Cyp. It decomposes as a plane cuspidal cubic curve C;j, union two skew lines ¢; p, E:‘,,b going

through the cusp as follows:
Cip = (21,275 — 2taize + (=% + % + 2) 3425 + 22577)
by = (x4 + (b —t)xg, 21 + 26) and £, = (x4 — (b + t)x6, 1 — ¢)

(c) In this case (see case (b3) of Proposition[d.4)), there exists a special position r € R such that
D is an open polygonal of three lines, the middle one with a double structure. The singular
line R intersects D in a point rg belonging only to the middle line. For general o € R, the curve
D is a twisted cubic union a tangent line and accordingly we have:

(c1) If we take the center of projection L as a line through the special point o = r and a
point p € D\ {ro}, then according to the choice of p € D, we have the various possibilities for
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the quintic C, namely: if p is the intersection of the middle component with one of the other
two, then C' is the union of two lines, one of them supporting a triple structure and the other
a double structure; if p is a general point of the middle component of D \ {7}, then C is the
open polygonal of three lines, the middle one with a triple structure; if p is a general point of
the extreme lines of D then C' is the union of a rank 2 conic supporting a double structure
union a simple line through the singular point. The details are similar to the previous cases we
have already worked out and are omitted.

(¢2) If the point 0 = (0:1:0:0:0:b)is general in R, then the directrix D is a twisted
cubic C5 union a tangent line 7. On obtains C5NT = {r} (the special point in R) and we may
parametrized C3 \ {r} by
2+ 40t

2 2 )

We then consider the line L joining o to py(t) and M = P? given by x5 = x3 = 0 and obtain, as
before, the quintic curve Cyy. The ideal Z(Cy ;) is generated by bx? + txyz4 + z175, 21(23 + 23)
and —2x3xg — 2xiwe + t2xizg + bPairy + (02 + 12)af — 2tates + 2taivs + dbrviwaws + 4wyl

The primary decomposition of the ideal gives that, in this case, the quintic is a non singular
conic in the plane x; = 0 union a tangent line to the conic in that plane union two other skew
lines going through the point of tangency.

If the center of projection L contains a general point of the tangent T then the quintic C' is
the union of a cuspidal cubic and two lines through the cusp. We omit the details.

po(t)=(0:0:1:¢:—

(d) In this case D is the union of a conic and two lines, intersecting it at a point ro € R. We
have two possibilities: either L contains a point of the conic or of one of the two lines, different
from ry. In the former case C' consists of four concurrent lines, one having a double structure,
and in the latter case it consists of a conic, one of its tangent lines with a double structure and
a skew line through tangency point. We omit the details of the computations. U

Now suppose Vert(X) is a smooth (resp. rank 2; resp. rank 1) conic. Recall that Vert(X) is
supported on Sing(X).

Theorem 5.5. Let C be the base locus of the linear system of cubics defining 7. We assume
LNSing(X) = {o}. We also denote by D the directriz of the cone CL,(X). We get the following
assertions about the genus two quintic curve C, depending on the choice of o and {p} = LN D :
(a) Suppose o(X) = [(111)111]. The quintic C is an elliptic plane cubic union a skew line with
a double structure, through a point of the cubic.
(b) Suppose o(X) = [(211)11]. Then o has one special position r and we have:

(b1) If o = r, then C consists of a smooth conic union a secant line supporting a triple
structure.

(b2) If o is general, then C' consists of a plane nodal cubic curve union a skew line through
the node, the line supporting a double structure.
(¢) Suppose o(X) = [(311)1]. Then o has one special position r and we have:

(cl) If o =r, then C consists of the union of two lines one of them with a fourfold structure.

(¢2) If o is general, then C' consists of a plane cuspidal cubic curve union a skew line through
the cusp, the line supporting a double structure.
(d) Suppose o(X) = [(411)]. Then o has one special position r and we have:

(d1) If o = r, then according to the choice of p € D the curve C consists of a unique
line supporting a fivefold structure, or the union two lines one of them supporting a fourfold
structure.
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(d2) If o is general then according to the choice of p € D, the curve C' consists of a plane
cuspidal cubic curve union a skew line through the cusp supporting a double structure, or a
smooth conic union a tangent line union a skew line, through the point of tangency, supporting
a double structure.

(e) Suppose o(X) = [(221)1]. Then, o has two special positions r1,13, and we have:

(el) If o € {r1,m2}, then C consists of two lines one of them with a fourfold structure.

(€2) If o is general, then C consists of a conic union a secant with a triple structure.
(f) Suppose o(X) = [(321)]. Then o has one special position r and we have:

(f1) If o = r then C consists of the union two lines one of them supporting a fourfold
structure.

(f2) If o is general, then according to the choice of p € D, the curve C' consists of a smooth
conic union a tangent line supporting a triple structure, or the union of three concurrent lines
one of these with a triple structure.

Proof. Again we keep notations as in Proposition 4.6{and its proof and each time use this result

together with Proposition [4.4}

(a) In this case Sing(X) is a smooth conic. As follows from Proposition [4.6{c1) the directrix D

is a smooth elliptic quartic curve for all o € Sing(X). We give the proof for general o and p.
Without loss of generality and to simplify computations, we may choose the \’s and the

variables in such a way that X = K NG, where

2 2 2 2 2 2 2 2 2

Hence Sing(X) is defined by (23 — 23 — 23 = 24 = x5 = 26 = 0) and may be parametrized by
o= (*+1:6*—1:2b:0:0:0). Therefore T,G is defined by (b*+ 1)z — (b — 1)z9 — 2bx3 = 0.

On the other hand, we may take D = T,GN X NH, where H is the hyperplane not containing
o, defined by (z; = z3); then D may be formally parametrized by

pu(t) = (b3 /2(t4 — 2+ 1) s by/2(t* — 124 1) - 24 — 124+ 1) 1 2 — 1 2 + 1 : t).
If b # 0 and ¢ # 0, we may choose M = P3 defined by (z3 = ¢ = 0). As in the proofs of
preceding results we compute 7! and deduce the following generators for Z(C,):
((tZ — 1)1’4 — (t2 + 1)5(75)((]_ — bQ)CUQ —+ (b2 + 1)[[‘1)
t(xg — 25)((1 = b")z + (b + L)1)

(24 + 25) (20425 + 25 — 23) + 12 (24 — 75) (22475 — 5 + 15) + by /2(t4 — 12 4+ 1) (2, — 22) (2] — 22).
For t* —t2+1 # 0, by putting b = ' /+/2(t* — 2 + 1) and multiplying the two first generators

above by t* — > + 1 we obtain generators for Z(C} ) whose coefficients are polynomials in ¢

and b'. From this we obtain the primary decomposition of Z(Cy ) verifying statement (a).

(b) In this case Sing(X) is a rank 2 conic, the union of two lines, whose intersection r is a
special point.

(b1) If 0o = r the directrix D consists of two smooth conics meeting in two points lying in
Sing(X). Then L = 7p, for p a smooth point in D. It follows C' consists of a conic, projection
of one of the conics, union a secant line, projection of the other conic. This line supports a
triple structure. More precisely:

We can take X = K NG with

2 _ .2 2 2, .2 .2 2
K=a2]—a25+x; G=2x]+x;+x5— 7+ 20675
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Then Sing(X) is given by the two lines: 1 = x9 = x5 = 23 — 23 = 0. The special singular point
is the intersection of these two lines o =r =(0:0:0:0:0: 1) and a directrix D of CL,(X)
may be given by (r5 = x6 = 7 — 23 = 27 + 23+ 12 — 23 = 0). Then we may parametrize one of
the conics, avoiding one of the singular points of D, by p(t) := (tv/2: tv/2 : 2 =1 :12+1:0: 0),
with ¢ # 0 to avoid the other singular points of D. By taking M = P? defined by x; = 25 = 0
we compute, as before, the quintic C;. We obtain the conic given by

(x5, (* — 1)zox3 — ta3 — (12 + 1)agxy + ta])
union the secant line (5, x2) with the triple structure given by
(22, zows, 2tT073 — 2tT0x? + (1* — 1)aszi — (£ + 1)wg2, 73).

This proves (b1).

(b2) For o general the quintic consists of a nodal cubic curve union a skew line through the
node supporting a double structure.

If the point o = (0 : 0 : 1 : 41 : 0 : b) is general we find D is a rational quartic curve,
with an ordinary singular point at (0 : 0 : 0 : 0 : 0 : 1), given by 2 — 23 + 22 = 0 and
r? + x5 — b*x? + 2x675 = 0. Parametrizing this curve and considering the center of projection
L=20op,, p=p(t) € Dand M = (x3 = x4 = 0), we can compute the quintic C}y and find it does
not depend on the parameter b and is the plane nodal cubic curve

(x5, —(t* + Vafwy + (£ — V)ayx; — taiae + toywg)
union the skew line going through the node :
(2tzy — (£ + Vas, (=2 + Vg + (2 + 1)y — 2txs)
with the double structure given by:
((—4t%)z5 + (48 + dt)wozs — (t* + 26 + )22, (—* + Dy + (2 + 1)z — 2tx5).
(¢) The proof here is similar to (b).

(d) In this case Sing(X) is a rank 2 conic, the union of two lines, whose intersection r is a
special point.

(d1) If o = r, a directrix D consists of a rank 2 conic with a double structure. If the line
L = 7p, with p the singular point of D, let’s show that the quintic C' consists of a line with a
fivefold structure. If p € D general, then C' consists of two meeting lines, one with a fourfold
structure.

The equations of X can be taken to be K = 2z 23 + 23 and G = 21124 + 27273 + x% — x%.
Sing(X) is the rank 2 conic given by ¥ = 2o = 3 = 2 — 22 = 0 and the special point is
the intersection of the two lines o = r = (0 : 0 : 0 : 1 : 0 : 0). The intersection CL,(X)
with the hyperplane (z, = 0) gives a directrix D, which is the rank 2 conic with double
structure ¥y = x4 = 23 = 2z9w3 + 22 — 22 = 0; notice that Sing(X) N D is supported on
{(0:0:0:0:1:=£1)}. Projecting from the line L = op, with p =(0:0:1:0:0:0) being
the intersection of the two lines of D, to M = P? = (23 = 24 = 0), we find the quintic C is the
line (z1 = z2 = 0) with the fivefold structure given by the ideal

2 3 2 2 2
(a7, x5 — 2125 + 125, T103).

If, however, we take o = r to be special, p(t) to be general in one of the lines of the support
of D, and M defined by (z4 = x5 = 0), we find that the quintic C; consists, for each ¢t # 0,
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of the union the two lines defined by the ideals (txy — 4, x1) and (x2, z1), the second with the
fourfold structure given by

2 2
(x5, —tzd + 2226 + 22,2576 — t:plx6, — 21 W93 + P21 T9T — TaT6 — 201136 + txlxﬁ, T1X5, T7)-

We note that if ¢ = 0 the line op(0) is contained in Sing(X) and then 7! is not birational in
this case.

(d2) If o is general in Sing(X), then D consists of a twisted cubic union a tangent line. For
L = op, then according to the choice of p € D we have the two possibilities for the quintic as
in the statement.

The proof is similar to other ones that have appeared before and we omit the details.

(e) This is also similar to the proofs that have been done elsewhere.

(f) Here Vert(X) is a rank one conic. There is a special position o = r € Sing(X). In this case
a directrix D of CL,(X) consists of a double rank 2 conic, union of two lines meeting at a point
po € Sing(X). For every line L =7p, p € D\ {po}, the quintic C' consists of two lines, one with
a fourfold structure.

If o € Sing(X) is general, then D consists of a smooth conic C union two lines meeting Cj
in a point p; € Sing(X). When we project from L =0op, p € D\ {p1}, the quintic C is either
a union of three lines meeting in a point, one of them supporting a triple structure, if p € Cy;
or is a smooth conic union a tangent line supporting a triple structure if p lies in either one of
the two lines in D. We omit the details similar to what we prove in the other items. U

Graphically, the conclusions of Theorems [5.4] and [5.5 may be summarized in the following
table of pictures.

Table of results for dim(Sing(X)) =1

a
=

Vert(X) directrix D quintic curve C

X

double rk 2 C'5 U secant line

two conics
[(11)11] smooth C2 U double secant line

[(22)11] Uline

hne
(2 special points)

nodal quartic
[211} nodal 03 U rk 2 Csy
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two conics smooth Co U double tangent line

line >\/
/7 \
/ \
: \

(1 special point)

idal quarti
cusp f;)l‘fuar 1 cuspidal C3 U rk 2 Co

double line U triple line

77

two lines U triple line

rk 1 conic U two lines : :
[(22)]

double rk 2 Cg U special line

[(42)] —
K & AN
line ’ SN
(1 special point) \
cuspidal C3 U rk 2 Co

twisted cubic U tangent line
(4]

S~

/
smooth C2 U tangent line U rk 2 C},

o

smooth Ca U double tangent line
U line

[(33)] — S

. conic U rk 2 conic
line [(31)}

double line U rk 2 conic U line

[(111)111] < S ﬁ

smooth conic o )
elliptic quartic o )
[1111] elliptic C3 U double line
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[(211)11]

[(311)1]

[(411)]

[(221)1]
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s

two smooth conics

[(11)11)
rk 2 coni\

(1 special point) ’

nodal quartic
[211]

o

double conic
[(111)1]

rk 2 COIllC
(1 special point)

cuspidal quartic
(31]

double rk 2 conic
[(211)]
rk 2 coniC\A ?/

(1 special point)

twisted cubic U tangent line

f) double conic
[(111)1]
rk 1 com&

(2 special points)

two conics
[(21)1]

-

smooth Cy U triple secant line

—

nodal C3 Utk 1 C2

1

line U fourfold line

—

cuspidal C3 Utk 1 Ca

fivefold line

T

line U fourfold line

—

cuspidal C3 U rk 1 Co

1
[4] /

smooth C2 U tangent line
Urk1C)

—=

line U fourfold line

smooth Cy U triple secant line
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- X

double rk 2 conic line U fourfold line
[(211)]

\ /
rk 1 conic smooth Ca U triple tangent line

T

[(321)]

Q

(1 special point)

conic U rk 2 conic

#K

triple line U rk 2 conic

5.3. Quadratic complexes singular along a plane. Finally, we consider the case where
Sing(X) is a plane. Then we have o(X) = [(222)], and we may take X = K N G with
K =23+ 22+ 2% and G = 2125 + 1374 + T576.

The complex X is singular along the plane « given by x; = x5 = x5 = 0, with a conic of
special singular points C,, C « given by z; = 23 = 25 = 22 + 23 + 22 = 0. Let C be the conic
directrix of the cone K given by z2 = x4 = 16 = 23 + 23 + 22 = 0. We then have:

Lemma 5.6. (a) Consider the map o : C — Cy, given by (a:0:b:0:¢:0) = (0:a:0:b:
0:c¢). Then we have

X = U < 0,ty@i5) >

ocC

where t,) is the tangent line to Cy, at ¢(0) and < 0,t,5) > is the plane spanned by 0 and t.,s)

The set of these planes and « is the set of all the planes contained in X. In particular every
line in X meets a.

(b) The complex X parametrizes the set of lines in P intersecting a smooth conic. If o* C P?
denotes the plane containing this smooth conic Cy«, then the singular plane o parametrizes the
set of lines in o, and C,, parametrizes the set of tangent lines to Cyx

(¢) The group of automorphisms of X, Aut(X), acts transitively on C,, on a\ C,, and on
X\ a.

Proof. (a) Let 6 = (a : 0 : b : 0 : ¢ : 0) be a point in C, then a® + b* + ¢* = 0, and
0(0)=(0:a:0:b:0:c¢) € C,. SlnceTX is given by ax; + brs + cxs —ax2+bm4+cx6—0
then 7,X N X contains the plane < 6,t, >. If p € X \ (U C) there are points 0, € C' and
Pa € asuch that p is in the line 0,p, C X. Then p €< 0,,t,(5,) >, and this is the only plane
in X through p. We deduce (a).
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c
61’
(0%
p
-~ to(ap)
Pa »(op)

(b) Now we want to view G as the Pliicker quadric parametrizing the lines in P3. If we let

the Pliicker coordinates be (p1a : P13 : P14 : D23 D2a DP31) = (Y1 : Yo : Y3 : Ya : Ys : Yg), then we
compose with the automorphism A of P given by

(V1Yo Y3 Ya:ys Ye) > (U3 Ya:¥Ys: Y2 ¥ Y1) = (T1:22:T3: T4 T5: Tg).
This takes the usual Pliicker quadric given by piopss — p13pos + P1apes = ViVs — YoUs + y3ys = 0
to G given by z1x9 + 314 + w576 = 0. Let (x : y : 2 : w) be coordinates for P? and consider
the plane a* C P? given by w = 0 and the conic Cy« C a* given by 22 + 3% + 22 = w = 0. Let
(a:b:c:0)€ Cy be an arbitrary point and take the line joining it to (0: 0:0: 1), and let
us compute its image under the Pliicker embedding ® followed by A. We find:

a b c 0 A
CI><0 00 1) =0:0:a:0:b:¢)=>(a:0:b:0:¢:0)

Keeping in mind that a>+b*+c? = 0 we find that the cone of lines in P? with vertex (0: 0: 0 : 1)
and directrix the conic C,+ maps to the conic C' C P? in the plane x5 = x4 = 24 = 0.

In a similar way, we prove that the set of tangent lines to C,+ (the dual curve) maps to the
curve C,, C IP°, in the plane 1 = 23 = 25 = 0 :

a b 10 A
(I)(b 4 0 0> =(1:=b6:0:0:0:0)—(0:a:0:b:0:1),

which is in C,, if a® + b? + 1 = 0. Similarly for the two missing points of C,+ when ¢ = 0.

q’(é jSZ ? 8) =(0:1:0:4i:0:0)=(0:Fi:0:1:0:0)(0:1:0:+i:0:0).

Therefore, if ¢(4:p:c.0) is the tangent line to Cy+ at (a: b:c:0) € Cye, we have D (t(gp:c0)) = (C:

—b:O:a:O:O)|£>(O:a:O:b:O:c):gp((a:O:b:O:c:O)),wheregp:C’—>Caisdeﬁned
in (a).
In the same way we see that the set of lines in * maps to «, and for each point of C,« the

set of lines in P? meeting this point maps to the plane in X different from o through a point
of C,. Then (b) follows from (a).

(¢) Any automorphism of P? stabilizing the conic C,- stabilizes the set of lines meeting this
conic, so it induces an automorphism of X, by the description of X given in (b). The subgroup
of such automorphisms of P* stabilizes also the plane a*, and acts transitively on P? \ o*. It
follows that it acts transitively on the set of tangent lines to C,« as well as on the set of lines
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in a* not tangent to C,~, and on the set of lines not contained in o* meeting C,«. The result
then follows from (b). O

Theorem 5.7. Let X be a quadratic complex with o(X) = [(222)]. For any singular point
0 € «, special or general, and for any line L in X through o not contained in «, the base
locus C of the linear system of cubics defining 7w, consists of two meeting lines, one of them
supporting a fourfold structure.

Proof. First note that by the description and the properties of X given in the previous lemma,
for each point o € «, the subgroup of Aut(X) fixing o acts transitively on the set of lines in X
through o not contained in «. In fact such a line in X parametrizes a pencil of lines in P? with
focus a point of C+, and the pencil is in a plane different from o* and containing the line ¢,
in a* corresponding to o. The line ¢, is a tangent line or a secant line to C,- if 0 is a special
or a general singular point respectively, and the focus of each pencil of lines we consider is a
point in ¢, N Cy+. Since the subgroup of automorphisms of P? considered in the proof of (c)
acts transitively on P3\ o*, then the subgroup stabilizing also ¢, acts transitively on the set of
pencils of lines we consider.

Since Aut(X) also acts transitively on C, and on « \ Cy, then it is sufficient to consider only
one special singular point 0; and one general singular point o0, , and for each one a line L in X
not contained in « trough that point.

Let 0 =(0:1:0:7:0:0) € Cy,and L =01p, with p=(1:0:43:0:0:0) € CL,, (X).
Then L ¢ « and we find that the ideal of the base locus C of 7' is

Z(C) = (23, v3(x3 + 22), 1475 — 1475 + 206T573)
in terms of the coordinates of the 3-space given by x; = x5 = 0. It follows that C consists of

two lines, with ideals (z3,z4) and (z3,x5), the second one with the fourfold structure:

2 3 . 2 2
(x5, x5, w3ws, —x42s + 2X305T6).

Let oo =(0:0:0:0:0:1)€a\Cy, and L =03p, with p=(1:0:4:0:0:0) € CL,,(X).
Then L ¢ o and we find that the ideal of the base locus C of 7' is

Z(C) = (zsws, w525 + 33), iw2 (23 + 22) + za(2] — 23))

in terms of the coordinates of the 3-space given by x1 = x4 = 0. It follows that C consists of
two lines, with ideals (x5, z9 —ix4) and (z3,x5), the second one with the fourfold structure:

3.3 . .2 .2 2, o2
(35, 15, Ty, Toks — 1X5T4 + Tok; + 1T4X3).

This completes the proof. O

6. CREMONA TRANSFORMATIONS AND QUADRATIC COMPLEXES

6.1. Generalities. A Cremona transformation of P is a birational map ¢ : P> — — = P3. Such
a ¢ is defined by four pairwise relatively prime homogeneous polynomials of the same degree;
this common degree is the degree of ¢ which we denote by deg(¢), and the linear system
associated to ¢ is, by definition, the linear system whose general member is the zero scheme of
a linear combination of these four polynomials. The pair (deg(¢),deg(¢~1)) is, by definition,
the bidegree of ¢.

If Y C P? is an irreducible subvariety along which ¢ restricts birationally, the strict transform
¢.(Y) of Y, with respect to ¢, is the closure of ¢(Y — Base(¢)).

One may prove deg(¢) (respectively, deg(¢~1)) is the degree of the strict transform of a
general plane (respectively, general line).
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As always in this work let X be a singular quadratic complex. We take two lines Ly, Ly C X
in such a way that L; ¢ Sing(X), 7 = 1,2. Denote by m; : X - - > M, ~ P3 the projection
from X with center L;, i = 1,2. We identify M; and M, with a fixed 3-space P3. Since 7; and
Ty are birational, we know 15 := myom ' : P? — - > P3 is a Cremona transformation.

The Cremona transformations of bidegree (2,2) and (3, 3) were extensively studied by classic
geometers (see for example [Crl], [Cr2], [Col, [HU], or [P], [PRV] for more recent references).
For the convenience of the reader we briefly describe the different types of such transformations.

Transformations of bidegree (2,2). The base locus scheme of such a transformation is
supported on a conic and a point which does not belong to its plane. This conic may be
smooth or have rank 1 or 2, and the point may be either a “proper” point or an infinitely near
point lying over the conic. In fact, up to change of coordinates at the domain and the target,
there are seven types of transformations of bidegree (2,2) (see [PRV] Tableau 1]). Furthermore,
the inverse of such a map belongs to the same class. The set of all Cremona transformations
of bidegree (2,2) is an irreducible variety of dimension 26 ([PRV) Pro. 2.4.1]).

Transformations of bidegree (3,3). The set of Cremona transformations of bidegree (3, 3)
is the union of three irreducible varieties of dimensions 39, 38 and 31, respectively. The largest
variety consists of transformations whose base locus scheme is an ACM sextic curve of arithmetic
genus 3; such a transformation is called determinantal, since such a scheme is defined by
the maximal minors of a 4 x 3 matrix of linear forms. The dimension 38 variety consists of
transformations ¢ whose base locus scheme has an embedded point (then it is not ACM) and
may be characterized by saying that ¢.(R) is a singular cubic curve for a general line R; we
call ¢ a de Jonquiéres transformation. Finally, the smallest variety consists of transformations
whose associated linear system consists of cubic surfaces with a line of double points. By Bertini
Theorem this line is common to all members of that linear system; we call such a transformation
a ruled transformation (of bidegree (3, 3)) since a cubic surface of P3 with a line of double points
is necessarily ruled. While there is no Cremona transformation which is both determinantal
and de Jonquicres, there exist ruled ones belonging to these two classes (see [P]).

Definition 6.1. Let ¢ : P2 — —> P3 be a Cremona transformation. We say ¢ comes from
quadratic complexes if there exist a quadratic compler X and lines Ly, Ly C X such that ¢ =
myom L. In this case, we also say ¢ comes from X, from (X, L1) or even from (X, L1, Lo).

If  : P> — — > P? comes from a quadratic complex, as in Definition[6.1] then it is associated to
a quadratic complex X, the two lines L, Ly C X and the two ACM quintic curves C,, Cy C P3,
base loci of the projections m; and o, respectively; notice that in this case L; ¢ Sing(X) for
1=1,2.

Proposition 6.2. Let ¢ : P3 — — = P3 be a Cremona transformation coming from a quadratic
complex X, with associated lines Ly, Ly and ACM quintic curves C1,Cy. We have:

(a) If Ly and Ly intersect at a singular point of X, then ¢ has bidegree (2,2).

(b) If Ly N Ly N Sing(X) = 0, then ¢ has bidegree (3,3).

(¢) If deg(¢) = 3, then Cy C Base(o).

(d) If deg(¢) = 2, then there exists a plane H C P? such that C; C H U Base(¢) and H
contains (at least) a component of C.

Proof. Let H C P® be a general plane. The strict transform (7, ').(H) is a quartic surface
S := HN X where H is a hyperplane in P° general among those containing L. Notice that L;
intersects S at a unique point. Then (m).(S) C P? is a surface of degree 4 — i where p is the
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multiplicity of S at that point, 1 < p < 2. If Ly intersects Lo at a singular point of X, then
= 2 and deg(¢) = 2. Otherwise deg(¢) = 3. By symmetry, we obtain the proof of (a) and
(b) may be proved similarly.

We know ¢ = (f1 : fa: f3: fa) for homogeneous polynomials f;’s of degree deg(¢). Since ¢ =
mom L, we deduce there are f1, fs, f4, f1 € H°(Z¢, (3)), where Z, is the ideal sheaf associated
to Cy (see Proposition, such that ¢ coincides with the rational map ¢’ : P2 — — = P3 defined
N )

If deg(¢) = 3, then fi, fo, f3, f1 € H(Z¢, (3)) and (c) follows.

If deg(¢) = 2, then there exists a linear form h such that hf; is proportional to f! for all 1,
from which it follows Cy; C H UBase(¢), where H = (h = 0). On the other hand, the dimension
1 part of Base(¢) defines a 1-cycle of degree 2: indeed, for two general quadrics )1, Q2 in the
linear system associated to ¢, we have Q1 NQ2 = Base(¢)UD, where D is a smooth conic. Since
deg(Cy) = 5, we conclude H contains some component of C; which proves (d) and completes
the proof of the proposition.

U

Remark 6.3. (a) There are Cremona transformations of bidegree (2,3) and (2,4). The propo-
sition above implies they do not come from quadratic complexes.

(b) If ¢ comes from quadratic complexes, then ¢! comes too. More precisely, if ¢ comes
from (X, Ly, Ly), then ¢! comes form (X, Lo, Ly).

6.2. Cremona transformations coming from quadratic complexes.

6.2.1. Bidegree (3,3) case. If Y C P3 is a pure dimension 1 subscheme, we denote by Cyc(Y)
the 1-cycle defined by it.

Theorem 6.4. Let X be a quadratic complex and let Ly, Ly C X be lines with L; ¢ Sing(X),
i =1,2. Let ¢ : P> ——> P3 be a Cremona transformation of degree 8 which comes from
(X, Ly, Ls). Then:

(a) If Ly Ly = 0, then ¢ is determinantal. In this case L := m1(Ls) is a line and Base(¢) =
CiUL.

(b) If Ly N Ly # 0, then ¢ is a de Jonquiéres transformation. In this case there exists a line
L C P such that Cyc(Base(¢)) = Cy + L is the complete intersection of a cubic surface and a
quadric, both containing Cy, and m(Lz) is an embedded point of Base(o).

Furthermore, ¢ is ruled if and only if o(X) = [(222)].

Proof. Parts (a) and (b) may be proven as in [AGP, Thm. 1].

Suppose ¢ is ruled and o(X) # [(222)]. The first assumption implies there is a line Ly C P?
such that all S € A, is singular along L.

On the other hand, the second assumption implies dim Sing(X) < 1. Therefore, if H C P°
is a general hyperplane containing Lo, the hyperplane section H N X of X is a normal surface:
indeed, otherwise Bertini Theorem applied to m implies H N X is singular along Lo, and then
X should be singular there, which is not possible. We deduce (m1).(H N X) is also normal
(Lemma [3.2)). By construction (m).(H N X) € Ay which gives a contradiction.

Conversely, suppose o(X) = [(222)]. Then dim Sing(X) = 2. Since A, is contained in the
linear system associated to 7y, the assertion follows from Proposition [3.3] U

Remark 6.5. In the case where Base(¢) is contained in a smooth surface of P2, the genus formula
implies that the line whose existence is assured by Theorem |6.4] intersects C; at a point scheme
of either length 2 or length 3, depending on whether ¢ is determinantal or de Jonquieres.
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FExample 6.6. Keep notations as in the proof of Theorem , part (d1), and take L; to be the
line 7p therein. If m is the projection with center L, to the 3—space given by z3 = x4 = 0,
with coordinates x1, x9, x5, ¢, We find

1 _ (9.3 .92 . 2. .3 _ 2 2 .. 2 . 2
o = (207 1 207xe 1 —xy5 ¢ Xy — XETy + TExy < 2x57] 1 2062T)

Now we consider a second projection my : X — M’ centered at a line Ly C X to see what
kind of bidegree (3,3) Cremona transformation we get. There are two possibilities:

(1) L1 N Ly = (. We can take for instance Ly = (21 : 0 : 0: 0 : x5 : x5) C X and M’ the
3-subspace given by x; = x5 = 0. By identifying M = M’ we get:

Tt = (22379 —2125 Ty — TEwy + TEwy : 20577 — 2677

We find the base locus of this map is a sextic that decomposes as a single line union a fivefold
line.

(2) L1 N Ly # (. More interestingly we can take Ly = (0: 0: x3: 0 : x5 : x5) intersecting L, at
(0:0:1:0:0:0) and project to M = (x3 = x5 = 0). We get:

momt = (223 1 203wy ¢ a3 — xlay 4+ wlxy : 20577 — 22627)

We find the base locus of this map is a line with a sixfold structure with an embedded point.
Here is the ideal defining the sixfold structure supported at (zq,x2):

(285, —15 + 2102 — 1178, 1175, 77).
And here is the primary ideal with associated prime (x1, zo, x5 — 2¢) :
(x5 — 26, T3, T1T0, 1°).
In the first case we get a determinantal transformation and in the second a de Jonquieres.
Example 6.7. Consider X with o(X) = [(222)] and defined by way of
F= a:f + mg + a:% and G = x1x9 + 1314 + T576.

If L; and Ly are given by x5 = 23 = 26 = 0,25 = 21 and 1 = x4 = ¢ = 0,25 = 123,
respectively, and M = M’ is given by x; = x4 = 0, then

Tyt = (iw3(23 + 22), —i(2275 + 2oxE + iTe75 — iT6T2), —2ix575 — v3(T5 — T2), 203757)
is a ruled determinantal Cremona transformation. A ruled de Jonquieres transformation may
be obtained analogously.

6.2.2. Bidegree (2,2) case. Let ¢ : P3 — —> P3 be a Cremona transformation of bidegree (2, 2)
which comes from (X, Ly, Ly) where o(X) is one of the given in Table(l}] Then Ly N Ly = {0} C
Sing(X). Denote by 7, : X —->= Q C P* the map induced by the projection of P° from o
to a general 4-space P* containing M, its image Q is then a hyperquadric in P*. If p;, denotes
the image of L; under 7,, i = 1,2, we denote by m,, : @ ——> P? the map induced by the
projection of P* from p;, i = 1, 2.



ON SINGULAR QUADRATIC COMPLEXES 35

Since ¢ = 1y o ;! we deduce there is a commutative diagram of the form

Note that since ¢ is birational p; and p, must be smooth points in Q. From this description it
is clear that ¢ is not defined only at 7,, (p2) and at points lying in the image under m,, of lines
in @ going through p;. We deduce that Base(¢) is defined by the ruling structure of the cone of
lines in Q going through p; together with an additional structure supported on a special point;
this special point is infinitely near to a point in the support of Base(¢) if and only if the line
P1p2 is contained in Q.

Recall that the singular set of a reduced and irreducible hyperquadric in P* may be empty
or consists of a point or a line; in particular such a hyperquadric is normal. In the first case
the cone of lines going through a smooth point, p say, is a quadratic cone in its tangent space
at p; in the second case it is the union of two planes intersecting along the line joining p with
the singular point; in the last case it is the “double” plane spanned by p and the singular line.

Let 1 : Bl,(P°) — P° be the blowing up of P° at o; then 7,7 is a morphism which identifies
the exceptional divisor E of n with PY. Denote by X cC BIl,(P5) the strict transform of X by 7.
We set Sing™ (X)) := Sing()?) N E and say a point in SingV(X) is an infinitely near singularity
of X.

Lemma 6.8. Let X, O, pi,ps be as in diagram . Then every singular point in Q is the
projection under m, of a line going through o which either is contained in CL,(X) or meets
another singularity (possibly infinitely near). Moreover, if K is the (unique) cone of multiplicity
2 in the pencil defining X, then (K \ {o}) = Q.

Proof. Let T C P° be a line going through o and not contained in X = FNG. Then T meets
X \ {o} in k points with k¥ = 0 or k = 1. Assume 7,7 maps the strict transform 7" of 7" in a
point of Q.

Let us prove the first statement.

First suppose k = 1 and denote by p the point in 7N (X \ {0}). Since Q is normal, Zariski
Main Theorem implies the restriction of m, to X defines a local isomorphism at p. We deduce
7o(T) is singular in Q if and only if p € Sing(X).

Now suppose k = 0. By construction we have Q = m,(X \ {0}) U mon(X N E). Since m,n
contracts 7' to a point in @ we deduce T'NX consists of a point, p’ say. Therefore the restriction
of m,n to X induces a local isomorphism at p’. We conclude that m,n(p’) is singular in Q if and
only if p’ € Sing™ (X).

For the last assertion we notice that m,(K\{o}) is a dimension 3 irreducible variety containing

(X \ {o}) = @ s
It follows (recall Table [1)):

Corollary 6.9. If Vert(X) is a point (resp. two points, a double point or a line; resp. a conic
or a plane), then Sing(Q) is empty (resp. consists of a point; resp. is a line).



36 ON SINGULAR QUADRATIC COMPLEXES

By using Lemma together with the geometric description of CL,(X) for each possible
Segre symbol we may obtain the classification of bidegree (2,2) Cremona transformation coming
from the corresponding quadratic complex. To simplify we only give the following:

Theorem 6.10. Let ¢ : P> — - = P3 be a Cremona transformation of bidegree (2,2). There
exists 71, To € Aut(P3) such that T1¢T5 comes from a singular quadratic complex.

Proof. 1t suffices to prove that if ¢ = 7rp27rp_11 comes from the diagram , then we obtain seven

non projectively equivalent types for Base(¢). We keep notations from diagram and employ
Lemma and its corollary without explicit reference to them.

First suppose Vert(X) is a point, o € Sing(X). Then Q is smooth. In this case the directrix
of CL,(X) may contain a line or not (Propositions and [4.6]). Then we may choose lines in
X going through o in such a way that their projection under 7, define points p;, po which may
either belong to a same line in Q or not. Since the cone of lines in Q@ going through a point
is a cone over a smooth conic we deduce Base(¢) consists of a conic together with either an
infinitely near point not belonging to the conic plane, when pips C Q, or a point outside the
conic plane. Hence we have two non projectively equivalent types of base locus schemes for ¢.

Now suppose Vert(X) consists of two points (counting multiplicity) or it is a line, o €
Sing(X). Then Q has a unique singular point and the directrix of CL,(X) may contain a line
or not. Moreover, a linear component in this directrix may either intersects Sing(X) or not. We
deduce that Q has a unique singularity and p;, p» may be chosen either to be in the same line
which may go through the singularity or not, or do not lie in a same line of Q. Since the cone
of lines in Q@ going through a smooth point is a cone over a rank 2 conic we deduce Base(¢)
consists of a rank 2 conic together with either an infinitely near point not belonging to the conic
plane lying over a smooth (resp. the singular) point of the conic, or a point outside the conic
plane. The two first cases occur when the line p1ps C Q does not contain (resp. contains) the
singular point of Q. Hence we have three new non projectively equivalent types of base locus
schemes for ¢.

By considering the case where Vert(X) is a conic or a plane we likewise obtain two new non
projectively equivalent types of base locus schemes for ¢ which completes the proof. 0

Ezample 6.11. If o(X) = [(222)] we may suppose K = (22 + 22+ 22=10). fo=(0:1:0:0:
0:0), by projecting onto P* with coordinates xy, z3, x4, T5, 76 we obtain Q = (2% + 23 + 22 =
0) C P4, which is singular along the line R = (z; = 23 = 5 = 0) in P; note that a line in Q
necessarily meets R: indeed, a hyperplane section of Q which is general among those containing
aline L # R is a quadratic cone containing L in its ruling. If L,, L, C IP% are lines going through
0, then their projection under m, gives p1,p; € Q — R. Consider ¢ = mp,m 1 : P* - - > P2,

The strict transform of a general hyperplane in P* under 7Tp_11 is a general hyperplane section
of Q going through p;. Hence it is a quadratic cone in a 3-dimensional linear space of P* which
does not contain p,. Therefore the strict transform of a general plane under ¢ is a quadratic
cone whose vertex varies along the line R, := m,,(R) C P3. Moreover, since every line joining p,
to a point in R is contained in Q we deduce that R, is the dimension 1 part of Base(y). From
[PRV, Thm. 3.1.1], and with notations as loc. cit, it follows ¢ is a bidegree (2,2) Cremona
transformation of type either tan?(//), when pipz C Q, or genl?!(//) otherwise.

Finally, with notations as in § 5.3 if 0 € C,, then (L1, Ly) C X from which we deduce
pipz C Q, that is ¢ is of type tan?!(//). If o € a\C,, then we may choose L;, Ly with either
(L1, L) C X or (Ly, Ly) N X = Ly U Ly; hence pipz C Q or pipz ¢ Q, in other words, ¢ is of

type tan?l(//) or gen?(//), respectively.
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