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HADAMARD PRODUCTS OF DEGENERATE
SUBVARIETIES

G. CALUSSI, E. CARLINI, G. FATABBI, AND A. LORENZINI

ABsTRACT. We consider generic degenerate subvarieties X; C P". We
determine an integer N, depending on the varieties, and for n > N
we compute dimension and degree formulas for the Hadamard prod-
uct of the varieties X;. Moreover, if the varieties X; are smooth, their
Hadamard product is smooth too. For n < N, if the X; are generically
d;-parameterized, the dimension and degree formulas still hold. How-
ever, the Hadamard product can be singular and we give a lower bound
for the dimension of the singular locus.

1. INTRODUCTION

The Hadamard product of matrices is a well established operation in
Mathematics having several connections both theoretical and applied, for
example see the recent entry in T. Tao’s blog about the paper [KT].

More recently the definition of the Hadamard product between subvarieties
X,Y of projective space, denoted X x Y, has been introduced by [CMS] as
the closure of the image of the rational map

X XY --sP"  ([ag: - :ap],[bo: - :by]) = [aoho : a1by : ... : apby).

This product is far less studied and our knowledge is still at a developing
stage but it is attracting quite a lot of attention and applications have been
shown, for example, to Algebraic Statistics (see [CMS] [CTY]). In particular,
in [CMS] it is shown that the restricted Boltzmann machine is a graphical
model for binary random variables, starting with the observation that its
Zariski closure is a Hadamard power of the first secant variety of the Segre
variety of projective lines.

The Hadamard product of varieties is also related to tropical geometry,
for instance the tropicalization of the Hadamard product of two varieties is
the Minkowski sum of the tropicalizations of the two varieties (see [BCK]|
Proposition 5.1|, [FOW], [MS]).

One of the most important open question is to find the dimension and
the degree of the Hadamard product of varieties. In [BCK]| the authors
give formulas for the dimension and the degree of the Hadamard product of
general linear spaces. They also introduce the notion of expected dimension
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of the Hadamard product of irreducible varieties. In [FOW] the authors give
an expected formula for the degree of the Hadamard product of varieties in
general position. In this paper we prove that the expected formula holds
for the Hadamard product of generic degenerate subvarieties if the ambient
space is large enough, thus partially answering [FOW] Question 1.1].

We work over an algebraically closed field K of characteristic 0 and we
assume that all the varieties we consider are irreducible.

Given a subvariety V of projective space we denote by Iy its (satu-
rated radical homogeneous) ideal and by H Fy its Hilbert function; that is,
HFy(t) = dimgR;/(Iy); where R = K|z, ...,z,] = @ Ry, Ry is the vector

>0

space of the homogeneous polynomials of degree ¢ and_(IV)t = Iy NR;.

In Section 2l we prove that, if Xy,..., X, are ¢ degenerate subvarieties of
P™ whose linear spans are generic of dimension hq, ..., hy respectively, with

n>(hy+1) -+ (hg+ 1) — 1, then the Hadamard product X x...x X, and
the product variety X7 x - -+ x X, are projectively equivalent as subvarieties
of P". As a consequence we obtain that the dimension of X7 x...x X, is the
sum of the dimensions, the degree is the product of the degrees multiplied
by a multi-binomial coefficient depending on the dimensions and the Hilbert
function is the product of the Hilbert functions. These degree and dimension
formulas generalize the ones in [BCK| Theorem 6.8] which are only given for
linear spaces. We also prove that, if the varieties X; are smooth, then their
Hadamard product is smooth.
In Section 3 we consider two generically dx-parameterized and dy-parameterized

subvarieties of P" of dimension r, s, respectively, with N — ((r:;ix ) + (Sji_gy) — 2) <

n < N —1 where N = (le-ix) (s-ggy) — 1. In this case the formula for the
Hilbert function no longer holds, but we still have the dimension and degree
formulas. We also extend these results to a finite number of subvarieties.
In this situation singularities may arise even if the varieties are smooth: on
one hand we give a numerical condition sufficient for smoothness and, on
the other hand, we give a numerical condition sufficient for the Hadamard
product to be singular. In the latter case, we give a lower bound for the
dimension of the singular locus.

We conclude with some explicit examples in Section @ These examples
show the role of the genericity assumption and how singularities can arise.

We wish to thank B. Sturmfels for some useful conversations and sugges-
tions.

We wish to thank the Referees for their careful reading of the paper and
the helpful comments and suggestions.

2. LARGE AMBIENT SPACE

In this section we consider the Hadamard product of subvarieties whose
linear spans are generic and in particular the case in which the ambient
space has dimension large enough in a very precise sense. Note that [BCFL2|
Theorem 4.1| considered the product of generic linear spaces.

In what follows we embed PM x .. x P in P" where n > N = (hy +
1)---(hg + 1) — 1, via the composition of the usual Segre embedding of
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P x ... x P in PV with the immersion PN < P given by [ag : --- :
an] + Jag : -+~ tan = 0: -+ 0. We still call this composition Segre
embedding and we denote it by o.

We also need to recall the Khatri-Rao product (developed by single rows)
of two matrices (see [KR]): given a p x g-matrix A = (a;j) and a p x t

By
matrix B = : |, the Khatri-Rao product (developed by single rows) is
By
the p x ¢t-matrix:
anBr - aigBr
A®kr B = : : :
ap1By -+ apgBp

We first state a technical Lemma on the Khatri-Rao product of special
matrices which will be used in the proof of Theorem The proof of this
Lemma is a straightforward computation.

If s and k are positive integers, we denote by N: the matrix of size ks X s

(100 ... 00
E :
<110 0 00
(010 0 0
E :

Ne=1=<lo1 0 0 0
(000 01
E :

o OO 0 1

Note that, if £ = 1, then le = I, where I, denotes the identity matrix
of size s.

Lemma 2.1. Let a,b, c,n be positive integers with n > abc. If A is then X a

a

N

be .
matriz and B is the n X b matriz N’ , then AQgpr B is

0

a -times

ab

N

the n x ab matriz

0
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Theorem 2.2. Let £ be a positive integer. Let X1, ..., Xy be subvarieties of
P™ whose linear spans are generic of dimension hi,...,hy, respectively. If
n>N=(hi+1) - (hg+1)—1, then the Hadamard product X1 *---x X, and
the product variety X1 X --- X Xy are projectively equivalent as subvarieties

of P".

Proof. Let Lq,..., Ly be the linear spans of the subvarieties X1,..., X,. As-
sume that L; have parametric equations given respectively by

o = in(yiO, .. ,yihi)
LZ- : 1 :fil(g./i(])"',yihi)
Tn = fin(Yio,s - - Yin;)
where fi;(yio, .., Yin,) = a%)yio + ayl)yil 4+ 4 aygiyihi for i = 0,...,¢
and for j = 0,...,n . For each ¢ = 0,...,¢ consider the matrix of size
(n+1) x (h; + 1) defined as

() (4)

aOO aOhi

)
M; =

NN}

Now consider the matrix M’ of size (n+1) x (N+1) given by the Khatri-Rao
product (developed by single rows)

M' =M, ®kr -+ Qkxr M.

Associating to each f;; a point of (P")", we can associate each L; to a point
of (PM)" x ... x (PM)".

n times

Now, the zero locus defined by the maximal minors of M’ which are multi-
homogeneous polynomials, is a closed set whose complement is an open sub-
set of (PM)" x --- x (PM)" x --- x (PM)" x ... x (PM)

Ve
n times n times

*
/

To see that such an open set is non-empty choose

hi+1

i -times

=
s
+
t

where i = (hl + 1) s (hi_l + D and i = (hi+1 + 1) cee (hg + 1), with the
understanding that 1 = 1 and ¢ = 1. By recursively using Lemma 21 we
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obtain that
NH_I

1

(My @xkr M2) @kxpr ) Qxr My = =

0 0

UaS)

Since £ +1 = N + 1, we have that M’ = I]%H

Therefore the genericity of Lq,..., L, gives that the matrix M’ has max-
imum rank N + 1.

For n > N, we can complete the matrix M’ to a matrix M of size (n +
1) x (n+ 1) with det(M) # 0, so that M gives a projective isomorphism.
Let o be the Segre embedding of P x ... x P* in P", as defined at the
beginning of this section. A direct computation shows that

(Moo)([yo:-:yihy)s--s Yoot -+ 2ek]) =

(f10(W10s -3 Y1hy) - foo(Weos - Yeny) = - 2 fin(Wi0s - - Y1ny) === fen(Yeos - - -5 Yeny)]-

Therefore M(P) € ¥ = {P; x---x P|P; € L;} and so the map P" M pr
sends each point P € o (P x --- x P") to a point M(P) € ¥ C Ly *---* Ly.
Since hy+---4hy = dim(o(P" x- - - xPM) < dim(Lyx---*Lg) < hy+---+hy,
they are projectively equivalent. Thus we have that L1 x - x L, = X.
Therefore P; x...* P; is always well-defined for any points P; € L; and thus
for any points P; € X;.

We just proved that

M(O’ (Xl X - X Xg)) - {Pl*---*Pg’]DZ‘ € X, foralli=0,... 76} C Xq*x - xXy.

Since dim(X1) + -+ + dim(Xy) = dim(M(o(Xy X -+ x Xp))) < dim (X7 x
cox Xy) < dim(Xq)+ -+ dim(Xy), they are projectively equivalent, as we
wished. O

Remark 2.3. Note that in the case of two subvarieties X; and X5 the matrix
M’ defined in the proof of the previous Theorem is given by:

aooboo ... apobon, aoiboo ... aon,bon,
, aiobio ... aiwobin, aitbio ... aip,bing
anobno .. anObnhg apibno ... Anhq bnhg

if the linear spans of X; and X5 have parametric equations given respectively
by

To = apoYo + ao1y1 + -+ + Aoh, Yn, 2o = boozo + bo121 + - - - + bor2h,

r1 = aioYo + a11yr + -+ a1p, Yn, 21 = biozo +b11z1 + -+ + bigzp,
L1 . . L2 .

Tn = AnoYo + an1Y1 +-- AnhyYhy Tn = bnOZO + bnlzl + -+ bnkth

In the proof of Theorem the genericity of the linear spans L1 and Lo is
only used to say that the matrix M’ has maximum rank N + 1, and so we
can characterize a closed set C' of

<Ph1><---><IP’h1> X <Ph2x---xPh2>
— —

n + 1 times n + 1 times
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as the zero locus of the maximal minors of M’ which are multi-homogeneous
polynomials of the multi-graded ring

K[QOOa"')QOhla"'aan(),"'aanhlybOO,"'?bOhQ?"'abn(]a"'abnhg]'

The complement of C'is an open subset and each point of this open subset
gives a parameterization of two linear subspaces of P" of dimensions h; and
ho respectively. For subvarieties of these two linear subspaces Theorem
holds. Moreover, in Theorem we proved that such an open set is non-
empty.

Remark 2.4. Note that Theorem 2] generalizes [BCEFL2l Theorem 4.1] in
two directions: we consider not only the product of linear spaces, but also the
product of degenerate subvarieties, and we also consider an ambient space
of larger dimension.

Remark 2.5. Under the assumptions of Theorem [Z2] in the proof of the
Theorem, we also showed that X% - -x X, which is, by definition, {P; * - - - % P|P; € X;}
turns out to be { Py x- - -xFPy|P; € X;}. In particular the notation Py %---* Py €

P™ is well-defined for all P; € X; by the genericity assumptions.

Remark 2.6. An immediate consequence of Theorem 2. 2is that if Xy,..., X,
are non-singular, then also X7 x - -+ x X, is non-singular.

Theorem yields the following Corollary which extends the dimension
and the degree formulas of [BCK| Theorem 6.8] beyond linear spaces.

Corollary 2.7. Let £ be a positive integer. Let Xy,..., Xy be subvarieties
of P of dimension ry,...,r; whose linear spans are generic of dimension
hi,...,he, respectively. If n > (hqy +1)---(hg + 1) — 1, then

l
i) dim(Xy e ex Xe) = 3 dim(X;)

T15.0T¢ T1,e0T¢ rilry!

14
M’) deg(Xl*. . '*XZ) — (r1+---+rz) H deg(Xi), where (r1+---+re) _ (rittrp)!
i=1

4
iti) HFx,.nx, = |1 HFx,.
=1

Remark 2.8. In Example L] we shall see an explicit example of two va-
rieties X and Y whose linear spans are not generic and whose matrix M’,
constructed as in the proof of Theorem [Z2, will not have maximum rank.
Indeed, X %Y is neither projectively equivalent nor isomorphic to the prod-
uct variety X x Y. In fact, in Example 1] Sing(X xY) # 0, even if X
and Y are smooth. In that example, the dimension and degree formulas still
hold, but the Hilbert function formula does not hold.

Before ending this section we introduce the notion of generically d-parameterized
subvariety, which allows us to extend our results to the case of a small am-
bient space.

Remark 2.9. Given a subvariety Z C P" of dimension r we say that it has
a parametric representation of degree d if Z is the image of the rational map
P" --» P™ defined by n + 1 homogeneous polynomials of degree d in r + 1
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indeterminates. It is clear that the linear span of Z is of dimension at most
(rzd) — 1. Thus Z is degenerate as soon as (rzd) —1 < n. We say that 7 is
a generically d-parameterized subvariety, if the n 4+ 1 degree d homogeneous
polynomials in r + 1 indeterminates defining it are generic. Note that, if Z

is generically d—pararr;eterized and n > (rzd) — 1, then the linear span of
r+

Z is of dimension ( J ) — 1 and Z is non-singular, in fact it is projectively
equivalent to the d-uple Veronese embedding of P".

Corollary 2.10. Let ¢ be a positive integer. For i = 1,...,L, let r;,d; be

positive integers and let n > (”;lel) e (”;l;df) —1. Fori=1,....0, let X;

be a generically d;-parameterized subvariety of P™ of dimension r;. Then the
Hadamard product X1 % --- % Xy and the product variety X1 x --- x Xy are
projectively equivalent as subvarieties of P™.

Proof. For i =1,...,/¢, assume that X; has parametric equations given by

zo = fio(Yios - - -, Yir,)
z1 = fir(Yio, - - -, Yir,)

T = fin(yiOa--',yiri)
where fl](yl(]a cee ?yiri) S K[yi(], .. ,Z/iri]di 5 for ] — Oa cee,n.

Since dimg (K[yio, - - -, Yir;Ja,) = (”C'Zdi), then the linear span of X; is of
dimension (”:l'd') -1

Therefore, by Theorem 2] we have that X; x--- % Xy and X1 x -+ x X
are projectively equivalent as subvarieties of P™. O

Corollary 2.10] easily yields the following Corollary.

Corollary 2.11. Let £ be a positive integer. For i = 1,...,¢, let r;,d;, be
positive integers and let n > (”;lel) e (r‘;l;df) —1. Fori=1,...,¢, let X;
be a generically d;-parameterized subvariety of P™ of dimension r;. Then:

¢
i) dim(Xqx---x Xg) = > dim(X;)
i=1
L

ii) deg(X1x---% Xg) = (") TT deg(X3)
i=1

¢
iii) HEx «.xx, = || HFx,
i=1
iv) X1 *---* Xy is non-singular.

3. SMALL AMBIENT SPACE

Recall that, for X and Y subvarieties of P", we set N = (h+1)(k+1)—1,
where h and k are the dimensions of the linear spans of X and Y, respectively.
This becomes N = (rzix ) (szgy) —1 when X and Y are two generically dx-
parameterized and dy-parameterized subvarieties of P" of dimensions r, s,
respectively.

In the previous section, for n > N, we determined the dimension, the
degree and the Hilbert function of the Hadamard product in terms of the

same invariants of the factors.
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Now we consider the range N — <(r§ix) + (szgy) — 2) <n<N--1in

the case of generically dx-parameterized and dy-parameterized subvarieties.
We will see that the dimension and the degree formulas still hold, but the
relation on the Hilbert functions fails. Moreover, the Hadamard product
can be a singular variety, even if the factors are smooth. In order to study
Hadamard products in a small ambient space we use Segre-Veronese varieties
([CGQ]), thus we briefly recall some basic notation about them.

Let ¢ be a positive integer. Let ri,...,7s,d1,...,dy be positive integers
and set N = (”C—Zdl) e (r‘:l;d‘) — 1. We denote by S the image in PV of a

Segre-Veronese embedding of type (di,...,dy) from Pt x --- x P"¢ to PV,
Theorem 3.1. Let r,s,dx,dy be positive integers, let N = (rj;ix) (szgy) -1
and N — <(T5ix) + (szgy) — 2) <n < N-1. Let X andY be two generically
dx -parameterized and dy -parameterized subvarieties of P™ of dimensions r,
s, respectively. If n > r + s, then:

i) dim(X xY) = dim(X) + dim(Y)

i) deg(X xY) = ("1*)deg(X)deg(Y).

Proof. Consider the Segre-Veronese embedding of type (dx, dy) from P" x P*
to PV and let S be its image.
Assume that X and Y have parametric equations given respectively by

zo = fo(yo,---,yr) xo = go(20 - .-, 2s)
z1= fi(yo,---,yr) v z1=0g1(20,...,2s)

xn:fn(y(),"'ayr) ,In:gn(ZO,...,ZS)

Where fi(y07 e 7y7") € K[y07 e 7y7“]dX and gi(ZO7 e 728) € K[ZQ, R ZS]dY7
fori=0,...,n.

Observe that, for each ¢ = 0,...,n, the form f;g; has bi-degree (dx,dy ) in
Klyo, .- Yrs 205 -+, 2s]. Since K[yo, ..., Yr, 205, 2s](dy ,dy) has dimension
N + 1, then, for each i = 0,...,n, f;g; defines a point P; of (PV)".

Since X and Y are generically dx-parameterized and dy-parameterized
subvarieties, the linear span of the points F,..., P, is of dimension n.

Consider the (n+1)x (N+1) matrix M’ whose rows are the coordinates of
the points Fy, ..., P,. Again since X and Y are generically d x-parameterized
and dy-parameterized subvarieties, M’ has maximum rank, hence it defines
a projection 7 from PV to P" whose center we call A. Note that dim(A) =
N —n — 1 and the linear span of the points Py, ..., P, is the dual of A.

In order to show the genericity of A consider the Segre variety 7' C (PV)"
defined as the image of the Segre-embedding

P(Klyo, .-, yrldx) X P(K[z0, .., 2s]ay ) = P(K[yo, .-\ Yr, 20, - - - Zs](dx,dy))-

Now, any pair of generic parameterizations defines n + 1 points (the
Py,..., P, above) of (PV)" belonging to T whose linear span is of dimension
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n. Conversely, any n + 1 points of T" can be obtained from parameteriza-
tions (with suitable coefficients) of two subvarieties of P" with parametric
representation (of the given dimensions and degrees).

On the other hand, for any generic linear subspace L of (PY)" of dimension
n, defined by N — n generic hyperplanes Hy,...,Hx_,, we shall consider

T, = TAH NN H;. Since n > N —dim(T) = N~ (("55) + (*3) = 2).
we have that dim(T;) > 2foralli=1,...,N —n—2and dim(Tny_pn—1) > 1.
Therefore by [H, Proposition 18.10], Tn_, contains at least n + 1 points
which generate L. Thus we may assume that the linear subspaces of (PV)’
of dimension n generated by n+ 1 points of T" are generic, and so A is generic
as well.

Forn > r+s = dim(S), since A is generic, we have dim(7(S)) = dim(S) =
7+ s. Since n > r + s, we also have 7(S) # P", and so the projection 7, :
S — m(S) is a birational map. Hence deg(m(S)) = deg(S) = ("1*)dxdy.

Set X ={P*Q|P € X,Q € Y}. It is easy to see that 7(S) C X C X xY.
Since 7+ s = dim(mw(S)) < dim(X xY) < r+s, we have that 7(5) = X xY,
and so dim(X *Y) = dim(w(5)) = r + s and deg(X xY) = deg(n(S)) =
(+*)dxdy.

O

Remark 3.2. As in Remark 23] under the assumptions of Theorem [B.1] we
also proved that X =Y which is, by definition, {P x Q|P € X,Q € Y} turns
out to be {PxQ|P € X,Q € Y}.

In order to make Theorem B.Ilmore effective, we can find explicit numerical
conditions on X and Y so that n > N — ((Til'ix) + (szgy) — 2) yields n >
T+ S.

Lemma 3.3. Using the notations of Theorem[31], we have that: if (dx,dy,r,s)
is in the following table, then N — ((de) + (s;;ly) — 2) >7r+s.

dx
dx | dy r s
>3 Vv v v
vV | >3] V v
2 | >2| V v
2 1 vV | >2
2 1 |>2] 1
>2| 2 i v
1 2 | >2| V
1 2 1 [>2
1 1 |>3]>2
1 1 |>2]>3
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Remark 3.4. Notice that, in the hypotheses of Theorem [B.I we have
HFx,v # HFxHFy. In fact, since X is not contained in a linear sub-

space of dimension less than (TZiX ) — 1 and similarly Y, we have

HFx(1) = HFP(T+dX)_1 (1) = (r + dX>

dx dX
and p
s+
HFy(1) = HF (o) (1) = ( ' y)
P\ dy Y
and so

HFx(1)HFy (1) = <T +dX> <5 +dy

dx dy
Remark 3.5. In Remark we saw that M’ being of maximum rank is
sufficient to have the formulas for the dimension, the degree and the Hilbert
function, when n > N. When n < N, besides the failure of the Hilbert
function formula (Remark BA4), M’ of maximum rank does not grant the
degree formula, as Example shows.

) >N > HFX*y(l).

Using a similar technique to that contained in the proof of Theorem [B.1]
we can extend such Theorem to a finite number of subvarieties.

Theorem 3.6. Let £ be a positive integer. Fori=1,... £, let r;,d;, be posi-

tive integers, let N = (”;rldl) e (”;i:d“)—l and N — ((”;rldl) + (r‘;;d“) — €> <
n<N-—1. Fori=1,...,¢, let X; be a generically d;-parameterized subva-

riety of P of dimension r;. If n > ry + --- 4+ 1y, then:

l
i) dim(Xy % Xe) = 3 dim(X;)

4
ii) deg(Xy#---x Xg) = ("LFT) H1 deg(X;).
i=
Now we provide a numerical condition for the Hadamard product to be
smooth and we give an estimate on how big the singular locus is when sin-
gularities occur. In order to do this we will use the variety of secant lines to
a subvariety S that we denote by 02(S). It is nothing but the closure of the
union of the lines joining two distinct points of S.
Notice that, for n in our range, when using generically d-parameterized
subvarieties of P", we are dealing with smooth varieties, as the following
Proposition shows.

Proposition 3.7. Letr, s, dx, dy be positive integers, let N = (TZiX) (s;f,ly) -

1 and N — <(T§dx) + (szd") — 2) <n<N-1. Let X andY be two gener-
X Y

ically dx -parameterized and dy -parameterized subvarieties of P™ of dimen-

stons r, s, respectively. Then X and Y are non-singular.

Proof. We only prove that X is non-singular (similarly for V).
By Remark X is non-singular for n > (Til'ix ) — 1 and we will prove

that this is always the case. To this end, observe that (S;;gy) > 2 and so

Car )50 ) =2 (00) ),
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v () ()
(L)) (00« () )= 00 -

Now we want to see when the Hadamard product of generically d-parameterized
subvarieties is non-singular and how big the singular locus is when singulari-
ties show up. We start with a more general statement in the line of [R1] [R2],
which will apply to our case.

thus

Theorem 3.8. Let S C P be a smooth irreducible subvariety, n < m and
S CP" the image of S under a generic projection.

i) If n > dim(o3(S)), then 8" is smooth.

i) If dim(S) < n < dim(o2(S)), then dim(Sing(S’)) > 2dim(S) — n.

Proof. Let w be the projection from P to P" whose center is a generic linear
subspace A of dimension m —n — 1 and let o3 = 02(S).

i) If n > dim(o3), since A is generic, we have that A N oy = ), then S’ is
smooth.

i) Define the incidence correspondence © C Sing(S’) x (A N o) where

0 ={(Q,P):{Q} =n(rp\A),rp is a tangent or secant line to S through P}.

We consider the projection maps p; : © — Sing(S’) and ps : © — AN oy.
First we prove that p; has a finite fiber over a point @ € Sing(S’). Since A
is a hyperplane in 7=1(Q), and ANS = 0, then 7—1(Q) NS contains only
a finite number of points. Since each secant, or tangent, line to S contains
points of S, then 7=1(Q) contains a finite number of secant, or tangent, lines
to §; by the genericity of A each of these lines contains a finite number of
points of A N oy. Hence, pl_l(Q) is finite. Now we consider the generic fiber
of py over P € AN oy. Since the family of secant and tangent lines to S
through P has dimension at least 2dim(S) + 1 — dim(o2), then so does the
generic fiber of pg. Since dim(ANog) = dim(A)+ dim(o2) —m, we conclude
that

dim(Sing(S")) = dim(©) > dim(A) + 2dim(S) + 1 — m = 2dim(S) — n.
U

Corollary 3.9. Letr,s,dx,dy be positive integers, let N = (rzix) (s;;ly) -1

and N — <(T§ix) + (s-ggy) — 2) <n < N-1. Let X andY be two generically

dx -parameterized and dy -parameterized subvarieties of P™ of dimensions r,
s, respectively. Let S be the Segre-Veronese embedding of type (dx,dy) of
P" x P%.

i) If n > dim(o2(S)), then X xY is smooth.

it) If r +s <n < dim(oa(S)), then dim(Sing(X xY)) > 2r + 2s — n.

Proof. Since the projection in the proof of Theorem Bl is generic, we may
replace m with N and S with S in Theorem B8] so that &’ = X x Y. O
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Remark 3.10. If X and Y are not generic enough, it can happen that
dim(Sing(X *Y')) is smaller than 2r + 2s — n, as Example shows.

Also note that the bound of Corollary B.9Fii) can be sharp, as Example
shows.

Remark 3.11. If (dx,dy) = (1,1), then 02(S) can be identified with the
variety of r X s matrices of rank at most 2 and so dim(o3(S)) = 2r +2s — 1.
If (dx,dy) # (1,1), by [ABL Theorem 4.2], we have that
dim(o2(S)) = min{N, 2r + 2s + 1},
and it is easy to check that dim(c2(S)) = 2r +2s + 1.
Remark 3.12. In the case (dx,dy) = (1,1), Corollary B9 yields that X xY

is either smooth or dim(Sing(X*Y')) > 2r+2s—n > 2r+2s—dim(o2(5)) = 1.
Thus, if X xY is not smooth, it is singular at least along a surface.

The following conditions show that the hypotheses of Corollary hold
in a large number of cases.

Lemma 3.13. Using the notations of Corollary[3.9, we have that:
. . r+d s+d
i) If either dx > 6 or dy > 6, then N — (( dXX) +( dYY) —2) >
dim(o2(S)).
it) If (dx,dy,r,s,mn) is in the following table, then N — <(rziX) + (Sigjy) — 2) <
n<N-—1andr+s<n<dim(oz(S5)).

dx |dy | r s n

2 2 1 1 n=4

4 1 1 1 n =4

3 1 1 |1 <3 3s<n<2s+4+2
2 1 1 \ 2s <n<2s-+2
2 1 2 1 5<n<6

1 4 1 1 n=4

1 3 <3| 1 Jr<n<2r+2
1 2 i 1 | 2r+1<n<2r+2
1 2 1 2 5<n<6

1 1 1 \ s+2<n<2s
1 1 2 | >3 2s <n<2s+4+2
1 1 2 2 5<n<6

1 1 2 1 n =4

1 1 3 | <5 3s<n<2s+4
1 1 W 1 r+2<n<2r
1 1 >3] 2 2r<n<2r+4+2
1 1 2 2 5<n<6

1 1 1 2 n =4

1 1 [ <5] 3 Ir<<n<2r+4

Remark 3.14. In the cases of Lemma [3.13}4), for small values of dx and dy,
the cases in which the inequality N — <(r+dx) + (Sji_gy) - 2) > dim(o2(9))

dx
holds can be determined in terms of r and s.
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Remark 3.15. Let S be the Segre-Veronese variety with ¢ > 2. By [AB]
Theorem 4.2|, S does not have a defective secant variety, and thus

dim(o2(S)) = min{N,2(ry +---+ 1) + 1},

and it is easy to check that dim(o2(S)) =2 (r1 + -+ 1) + 1.

Notice that Proposition B.1] easily extends to a finite number of varieties.
Moreover by using Remark B.I5] Corollary can be extended to a finite
number of varieties.

Proposition 3.16. Let £ > 2. Fori=1,...,¢, let r;,d;, be positive integers,

let N = (”C—Zdl) e (”;{d‘) —1 and N — ((nc—gdl) +o 4t (T“;;d") — f) <n<

N —1. Fori=1,...,¢, let X; be a generically d;-parameterized subvariety
of P™ of dimension ;.

i) Ifn>2(r1+--- 41y + 1, then X1 x---x Xy is smooth;
i) if (i 4+ +r)) <n<2(rp+--+re)+1, then dim(Sing( Xy *---*
Xg)=2(r1 4+ 1) —n.

4. SOME EXAMPLES

Here we collect some examples to show the role of the genericity assump-
tion in our results; we use CoCoA (J[CoCoAl), following the procedure given
in [BCEFLI].

In Example 1] we have n > N, but X and Y are not generic enough to
have the matrix M’ of maximum rank (see Theorem and Corollary 2.7)).
Also, the varieties X and Y are both non singular, but Sing(X xY") # (), and
so X x Y is neither projectively equivalent nor isomorphic to the product
variety X x Y.

In Example we have n < N, X and Y are generic enough to have the
matrix M’ of maximum rank, but, X and Y are not generic enough to give
a generic center of projection A (see Theorem [B1] and Corollary B9). Also,
the degree formula and the lower bound on the dimension of the singular
locus do not hold.

In Example [£3] the dimension of the singular locus is equal to the lower
bound.

Finally we give an example (Example [£4]) which is not computable but
can be directly deduced from our results.

Example 4.1. Let X be the line of P® given by the equations {zg — 1 =
0,20 — 23 = 0,23 — x5 = 0,29 + 23 — 24 = 0} and let Y be the conic of P?
given by the equations {xg—2z3+3x5 = 0,21+ 24— 25 = 0,29+ 223 — 324 =
0, x(z) + ﬂ:% + ﬂ:% + x% + xi + ﬂ:% + bxoxy + 8ror1 — 2x975 + 102024 = 0}. Here
h=1land k=2andso N = (h+1)(k+1)—1=5.

Computations show that the Hadamard product has dimension 2 = r+s =
dim(X) + dim(Y) and degree 4 = ("1 *)deg(X)deg(Y) as expected, but
HFx,y # HFxHFy. Also, the singular locus has dimension 0 and degree
5.
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In this case the matrix M’ does not have maximum rank. In fact, first we
write the parameterizations of L1 = X and of the plane Lo containing Y:

(
Ty = 220 — 329

To = Y1
1 =Y T =—21+ 2
Ly T2 = Y1 Ly To = —220 + 371

3 = Yo T3 = 20

T4 = Yo+ Y1 Ty =21

Ts = Yo r5 = 29

and then we obtain
00 0 2 0o -3
000 0O -1 1
;10 0 0 =2 3 0

M= 1 0 0 O 0 0
010 O 1 0
0 01 O 0 0

whose determinant equals 0.

Example 4.2. Let X be the line of P* given by the equations {zq — z; =
0,20 — 72 = 0,23 — 2z4 = 0} and let Y be the conic in P* given by the
equations {zg — 23 = 0,21 — 24 = 0,27 — 2922 = 0}.

Computations show that X xY has dimension 2 = r 4+ s = dim(X) +
dim(Y') but it has degree 3 < ("7%)dim(X)dim(Y).

Surprisingly enough X %Y does not have singularities and dim(Sing(X
Y)) < 2r+2s—n =0 (see Corollary B.9). Moreover M’ has maximum rank.
In fact, writing the parameterization of X and Y

To =%Yoo — N Lo = %)
1 =Y — W T1 = 2021
XI T2 = Yo — Y1 YZ $2:Z%
3 = Yo T3 = 23
T4 = 290 T4 = 2021
we obtain
-1 0 0 -1 0 O
0O 1.0 0 -1 0
M = 0 01 0 0 1
1 0 0 O 0 O
0 2 0 O 0 O

Note that A is the point [0 : 0: =2 : 0 : 0 : 1] and so it belongs to the
Segre-Veronese variety S and this is why our genericity hypothesis on X and
Y is not satisfied.

Example 4.3. Let X be the line of P? given by the equations {zo + z1 +
X9+ 2x3 = xg — w1 +4w9 — 23 = 0} and let Y be the conic of IP3 given by the
equations {zg+ 2x1 + 3xe +x3 = x% + 22029 + 2x0T3 + x% + 22129 — 2T123 +
x%+2x2x3—|—x§ =0}. Herer = s =1,dx =1 and dy = 2, so 3 is the
minimum possible value for n, moreover we are in the case ii) of Corollary
5.9
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In this case X x Y is a singular quartic surface and the singular locus is
eractly of dimension 1 = 2r + 2s — n.

Example 4.4. Let k be a positive integer. Let C be a generic plane conic
in P2+ Let L be a generic linear subspace of P2t of dimension k. In
view of Lemma BI3] we can use Theorem [B.1] and Corollary 3.9 to obtain
dim(CxL) = k+1, deg(CxL) = (¥/1)-2:1 = 2(k+1) and dim(Sing(CxL)) >
242k —(2k+1)=1.
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