MULTI-DEGREE BOUNDS ON THE BETTI NUMBERS OF
REAL VARIETIES AND SEMI-ALGEBRAIC SETS AND
APPLICATIONS

SAUGATA BASU AND ANTHONY RIZZIE

ABSTRACT. We prove new bounds on the Betti numbers of real varieties and
semi-algebraic sets that have a more refined dependence on the degrees of
the polynomials defining them than results known before. Our method also
unifies several different types of results under a single framework, such as
bounds depending on the total degrees, on multi-degrees, as well as in the case
of quadratic and partially quadratic polynomials. The bounds we present in
the case of partially quadratic polynomials offer a significant improvement over
what was previously known. Finally, we extend a result of Barone and Basu on
bounding the number of connected components of real varieties defined by two
polynomials of differing degrees to the sum of all Betti numbers, thus making
progress on an open problem posed in that paper.
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1. INTRODUCTION

Throughout this paper R will denote a fixed real closed field and C the algebraic
closure of R. For any semi-algebraic subset S C R* we denote by b;(S,Zs) the
dimension of the i-th homology group, H;(S,Zs), and by b(S,F) = > .., bi(S,F)
(we refer the reader to [17, Chapter 6] for definition of homology groups of semi-
algebraic sets defined over arbitrary real closed fields).

Remark 1. Notice that by the universal coefficient theorem [43, page 222, b; (S, Z2) >
b;(S) (where b;(S) denotes the rank of the i-th homology group of S with integer
coefficients), and thus an upper bound on b;(S, Z2) is automatically an upper bound

on bl(S)

1.1. Background. The problem of bounding the Betti numbers of real algebraic
varieties as well as semi-algebraic subsets of R¥, in terms of the format of their
defining formulas, has been an active topic of investigation for a long time start-
ing from the first results bounding the Betti numbers of real varieties proved by
Oleinik and Petrovskii [40], Thom [44] and Milnor [38]. Later these results were
extended to more general semi-algebraic sets [11, 26, 27]. These results were based
on Morse-theoretic arguments involving bounding the number of critical points of
a Morse function on a bounded, non-singular real algebraic hypersurface, using
Bezout’s theorem, arguments involving infinitesimal perturbations, and use of in-
equalities coming from the Mayer-Vietoris exact sequence. The bounds were singly
exponential in the dimension of the ambient space and polynomial in the number
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of polynomials used in the definition of the given semi-algebraic set, and also in the
mazimum of the total degrees of these polynomials (see Theorems 1, 2, 3, below for
precise statements).

In another direction, bounds which are polynomial in the dimension were proved
for a restricted class of semi-algebraic sets — namely, semi-algebraic sets defined by
few (i.e,. a constant number of) quadratic equalities and inequalities. Barvinok
[10] proved a polynomial bound on the Betti numbers of semi-algebraic sets (see
Theorem 4 for a precise statement), which were sharpened in [14, 36], and also
extended to a more general setting in [15] (see Theorem 8 for a precise statement).
Some of these results were proved using different techniques than a simple counting
of critical points — for example, a spectral sequence argument first proposed by
Agrachev [3, 2, 5] plays an important role in the results proved in [15, 36].

Much more recently, because of certain new techniques developed in incidence
geometry, more refined bounds than those mentioned above were needed. In par-
ticular, it was not enough to prove bounds which depended on the maximum of
the degrees of the polynomials, and it was necessary to prove bounds with a more
refined dependence on the sequence of degrees. Nearly optimal bounds on the zero-
th Betti numbers (i.e. the number of connected components) of semi-algebraic sets
was proved later in [7, 8] which has proved useful in applications. However, the
techniques used to prove the results in [7, 8] are not sufficient for bounding the
higher Betti numbers. Extending the bounds proved in [7, 8] to the sum of all the
Betti numbers (i.e. not just the zero-th Betti number) remains a challenging open
problem in real algebraic geometry.

The main contributions of the current paper are as follows. The first contribution
is to develop a single framework which allows one to prove the bounds on general
semi-algebraic sets, as well as those defined by quadratic or even partially quadratic
polynomials (Theorems 11, 16, 17, 18, 19). Moreover, we improve the known bounds
in all of these cases. In the process, we also answer an open question of Lerario
[36] on the asymptotic behavior of the Betti numbers of complete intersections of
projective quadrics over C and R (Theorems 17 and 25).

Additionally, the framework allows us to prove bounds in terms of the multi-
degrees of the polynomials instead of the total degrees (Theorems 12, 13, 14, 15, 20,
21). We give several applications in which this new flexibility proves to be important
(Theorems 26, 27, 28, 29). Note that there have been some other applications of
multi-degree bounds in special cases (see for instance [31] for a recent algorithmic
application).

As mentioned above, extending the bounds proved in [7, 8] to the sum of all the
Betti numbers remains an open problem. The second contribution of the current
paper is extending the result [7] to the sum of all the Betti numbers to the case
of degree sequence of length bounded by 2 (Theorems 31 and 32), thereby making
progress on the open problem posed in [8].

1.2. Prior Results. In this section we state more precisely the prior results men-
tioned in the previous section. We first fix some notation that we will use for the
rest of the paper.

1.2.1. Basic notation and definition.

Notation 1. For P € R[Xy,..., X] (resp. P € C[Xy,...,X]) we denote by
Zer(P,RF) (resp. Zer(P, CF)) the set of zeros of P in R¥(resp. C*). More generally,
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for any finite set P C R[Xy,...,X}] (resp. P C C[Xy,...,Xk]), we denote by
Zer(P,RF) (resp. Zer(P,CF)) the set of common zeros of P in R¥ (resp. C¥). For a
homogeneous polynomial P € R[Xy,..., Xx], (resp. P € C[Xq, ..., X]) we denote
by Zer(P,PE) (resp. Zer(P,PL)) the set of zeros of P in PX. (resp. P{). And,
more generally, for any finite set of homogeneous polynomials P C R[ Xy, ..., Xz,
(resp. P C C[Xo,...,Xg]), we denote by Zer(P,Py) (resp. Zer(P,P%)) the set of
common zeros of P in PE. (resp. Pg).

Notation 2. For any finite family of polynomials P C R[Xy,..., X], we call an
element o € {0, 1, —1}P, a sign condition on P. For any semi-algebraic set Z C R¥,
and a sign condition o € {0,1,—1}", we denote by Reali(c, Z) the semi-algebraic
set defined by
{x € Z | sign(P(x)) = o(P), P € P},

and call it the realization of o on Z. More generally, we call any Boolean formula
® with atoms, P{=,>,<}0, P € P, to be a P-formula. We call the realization of
®, namely the semi-algebraic set

Reali (®,R*) = {xeR"|®(x)}

a P-semi-algebraic set. Finally, we call a Boolean formula without negations, and
with atoms P{>, <}0, P € P, to be a P-closed formula, and we call the realization,
Reali (<I>, Rk), a P-closed semi-algebraic set.

1.2.2. General Bounds. The first results on bounding the Betti numbers of real
varieties were proved by Oleinik and Petrovskil [40], Thom [44] and Milnor [38].
Using a Morse-theoretic argument and Bezout’s theorem they proved:

Theorem 1. [40, 44, 38] Let Q C R[X7, ..., X}] with deg(Q) < d,Q € Q. Then,
(1.1) b(Zer(Q,R¥), Zy) < d(2d — 1)k 1.

Remark 2. Theorem 1 is proved (see for example proof of Theorem 11.5.3 in [20]
for an exposition) by first replacing the given variety by a bounded basic, closed
semi-algebraic set having the same homotopy type as Zer(Q, R¥) defined by a single
polynomial inequality of total degree at most twice the maximum of the degrees of
the polynomials in Q. Moreover, the critical points of the coordinate function X3
are shown to be non-degenerate and their number can be bounded using Bezout’s
theorem.

Remark 3. Also, note that the bound in Theorem 1 holds for dimensions of the
homology groups with coefficients in any field and was proved in that generality.
The same is true for some of the other results surveyed below. However, the new
results in this paper give bounds only for Betti numbers over the field Zy (because
our technique for proving them involves using Smith inequalities cf. Theorem 22),
and are thus correspondingly weaker. On the other hand they do imply via the
universal coefficients theorem (see Remark 1) the same bounds on the ranks of the
homology groups with integer coefficients. Moreover, Zs-homology is very natural
in the context of real algebraic geometry. We will state all bounds for the Z,-Betti
numbers from now on without comment (except in §6 below).

Theorem 1 was later generalized to arbitrary semi-algebraic sets defined by
quantifier-free formulas in two steps. In the first step, Theorem 1 was extended
to a particular — namely P-closed semi-algebraic sets, where P C R[X71,..., Xj] is
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a finite family of polynomials. The following theorem (which makes more precise
an earlier result appearing in [11]) appears in [16].

Theorem 2. [16] If S C RF is a P-closed semi-algebraic set, then

k k—i
(1.2) (S, Zo) <D > (8 * 1) 67d(2d — 1)*1,
=0

=0 j J
where s = card(P) > 0 and d = maxpecp deg(P).

Using an additional ingredient (namely, a technique to replace an arbitrary semi-
algebraic set by a locally closed one with a very controlled increase in the number of
polynomials used to describe the given set), Gabrielov and Vorobjov [26] extended
Theorem 2 to arbitrary P-semi-algebraic sets with only a small increase in the
bound. Their result in conjunction with Theorem 2 gives the following theorem.

Theorem 3. [27] If S C R* is a P-semi-algebraic set, then

k k—1
(1.3) b(S,22) < 3% <2k8j+ 1) 67d(2d — 1)1,
i=0 j—=0

where s = card(P) and d = maxpep deg(P).

1.2.3. Quadratic and partially quadratic case. Semi-algebraic sets defined by few
quadratic inequalities are topologically simpler. This was first noticed by Agrachev
[3, 2, 5] who proved a bound which is polynomial in the number of variables and
exponential in the number of inequalities for generic quadratic inequalities. The
technique introduced by Agrachev was very important in later developments as well.
Independently, using a different technique (closer to the spirit of Morse theoretic
arguments) Barvinok [10] proved the following theorem (no genericity assumption
is required).
Theorem 4. [10] Let S C R be defined by P, > 0,...,P; >0, deg(P;) <2, 1<
i1 < s. Then,
b(S,Zy) < KO,
This bound was later sharpened in [14] and further sharpened in the case of

algebraic sets by Lerario in [36, Theorem 15], where the following nearly optimal
result was proved.

Theorem 5. [36] Let Q C R[Xo,...,Xk] be a set of £ quadratic forms, and V =
Zer(Q,PL) be the projective variety defined by Q. Then,

b(V,Z3) < (O(k))* 1.

Theorem 4 was later extended in [13] where the following theorem was proved.
Notice that this bound is polynomial even in the number of inequalities (for fixed
?).

Theorem 6. [13] Let ¢ be any fixzed number and let R be a real closed field. Let
S C RF be defined by P, > 0,...,P; >0, deg(P;) < 2. Then,

bi_e(S, Zs) < <Z> JRelC}
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Theorem 6 was further improved using bounds on the Betti numbers of non-
singular complete intersections and the Smith inequality (Theorem 22) in [14] where
the following theorem is proved.

Theorem 7. [14] Let P = {P,,...,P;} C R[X1,...,Xi], s < k. Let S C R* be
defined by

P>0,...,Ps >0
with deg(P;) < 2. Then, for 0 <i<k—1,

min{s,k—i}
¢
J J

Jj=0

bi(S,Zsy) <

N | =

In particular, for 2 < s < k/2, we have
1, (k+1\ _ 1 /3e(k+1)\>
bi(S, Zs) < =3° < (ET)
Z(S7 2) - 23 < S ) a 2 < S )

Finally, in [15] the authors also prove a result that generalizes the bounds on Betti
numbers of general semi-algebraic sets (defined by s polynomials having degrees
bounded by d, cf. Theorem 2), as well as the bounds in the quadratic case (cf.
Theorems 4, 6, and 7). More precisely they prove:

Theorem 8. [15] Let Py C R[X1,..., Xy, ], a finite set of polynomials with
degx (P) <d,P € Py,card(P1) = s,
and let Po C R[X1,..., Xk, Y1,...,Yk,], a finite set of polynomials with
degx (P) < d,degy (P) <2,P € Py, card(P2) = m,
Let S C RF1*k2 be q (P U Py)-closed semi-algebraic set. Then
(1.4) b(S,Zy) < k3(O(kg + s+ m)ked)+2m,
In particular, for m < ko, b(S,Zs) < k3(O(s + ko)kod)F 2™,

Remark 4. In particular, if in Theorem 8, P; = ( (and hence s = 0), and m, k1 < ko,
we get

(1.5) b(S,Zs) < k2(O(m + ky)kod)Fr T2,

Remark 5. The main tool used in the proof of Theorem 8 was a technique intro-
duced by Agrachev in [5, 2, 3] and later exploited by several authors [15, 4, 35, 306]
for bounding the Betti numbers of semi-algebraic sets defined by quadratic polyno-
mials.

The techniques used in the proof of the theorems corresponding to Theorem 8 in
the current paper (namely, Theorems 16, 18, and 19) are quite different — involving
the method of infinitesimal perturbations, Mayer-Vietoris inequalities as explained
in [17, Chapter 7], and bounds on the Betti numbers of real affine varieties defined
by partially quadratic polynomials proved in Proposition 12 below.
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1.2.4. Generic vs special.

Definition 1 (Generic). In this paper while considering tuples of polynomials

(P1,...,P) whose supports are contained in some fixed tuple of convex polytopes
A = (Aq,...,Ay) we will often make the assumption that the polynomials in the
system are generic. This means that the vector of coefficients of (Py,..., ) lie

outside of some Zariski-closed subset, Va, of strictly positive codimension in the
vector space of coefficients of the polynomial system (the Zariski-closed subset Va
will depend on A).

Since the intersection of a Zariski-closed subset of CV of strictly positive codi-
mension with RV ¢ CV is a Zariski-closed subset of RY of strictly positive (real)
codimension, while considering systems of generic complex polynomials, we can al-
ways assume that the coefficients belong to R. However, note that in the complex
case since the discriminant hypersurface does not disconnect the space of coeffi-
cients, the varieties defined by generic systems are all diffeomorphic to each other,
the same is clearly not always true for the real parts of such varieties.

In many quantitative results in algebraic geometry, one assumes that the given
system of polynomials is generic. Bounding the topological complexity of varieties
defined by generic systems of polynomials (over R as well as C) is often easy.
However, such a result does not imply a bound in the non-generic situation. The
following example which appears in [25] is very well-known and shows that even
for the zero-th Betti number, the “generic” bound might not hold for all special
systems.

Example 1. [25] Let k£ = 3 and let

Q1 = Xz,

Q2 = Xz,
2 d

Qs = > [[Ixi—4)7
i=1 \j=1

The real variety defined by @ = {Q1,Q2,Q3} is 0-dimensional, and has d?
isolated (in R?®) points. However, a “generic” system of three polynomials in
R[X1, X2, X3] having degrees 1, 1, 2d will have by Bezout’s theorem at most 2d iso-
lated points as its real zeros. Observe that even though the real variety Zer(Q, R?)
is zero-dimensional, the complex variety Zer(Q, C?) is not, which accounts for this
discrepancy. We refer the reader to [8] for a Bezout-type inequality that works over
R as well.

There has been some work on bounding the number of connected components of
real algebraic varieties defined by systems of polynomials satisfying certain gener-
icity conditions. For example, the following theorem appears in [23].

Theorem 9. [23] Let (Py,...,Ps) C Q[X1,...,Xk] (with s < k — 1) generate a
radical ideal and define a smooth algebraic variety V- C CF of dimension k'. Denote
bydy,...,ds the respective degrees of Py, . .., Ps and by d the mazimum ofdy, ..., ds.
The number of connected components of VN RF is bounded by

K’ .
—s—1 k—i
dy-dy Y (d—1)F (k_l,_s)
=0
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Moreover, if (Py, ..., Ps) is a reqular sequence, the number of connected components
of VN RF is bounded by

y k—i—1
dl...dsZ(d— 1)’““(k_i_s>.
i=0
Even though, bounds on generic systems do not immediately produce a bound on
the Betti numbers of general semi-algebraic sets, but with extra effort such bounds
can be used to prove (possibly worse) bounds for general semi-algebraic sets. This
is in fact the approach taken in this paper, but the approach already appears in
the paper by Benedetti, Loeser and Risler [19], which is the starting point of the
results presented in the current paper. Using a clever reduction from the general
case to the generic case they prove the following theorem.

Theorem 10. [19, Proposition 2.6] Let P = {Py,..., Py} with deg(P;) <d, 1 <
i</l P,eR[Xy,...,Xg]. Then,

bo(Zer(P,R¥), Zy) < \(d, k, 0),
where
Md, k,0) = Qi(d, k) +2Qo(d k) + - - - + 28771 Qp_p(d, k) + 28 g (0),

and each Q; is a polynomial in d of degree k — i + 1, the leading coefficient of Q1
is a polynomial in k of degree £ — 1 with leading coefficient (€ +1)/2, and the other
terms polynomials in k of degree max{¢ — 1,1}, and puq(¢) = d(2d — 1)*~1.

Remark 6. Of special interest here is that for every fixed ¢, and k large enough
(depending on ¢), and for d tending to infinity, A(d, k,¢) is asymptotically equal
to (3(€+ 1)1 + Og(k*=2)) d* + Op e (d*~1) [19, Corollary 2.7] where the implied
constant in the notation Op (resp. Oy ¢) depends only on ¢ (resp. k,{) (compare
with Theorem 11 and Remark 7 below).

In this paper, we consider the problem of bounding the sum of all the Betti
numbers of real varieties and semi-algebraic sets with a more refined dependence
on the degrees of the polynomials. These refinements are of two kinds. First, we
allow different blocks of variables to have different degrees (see Theorems 12 and
13). Second, we allow different polynomials to have different degrees (see Theorems
14 and 15). Using our techniques we also improve existing bounds on the sum of the
Betti numbers of real varieties and semi-algebraic sets in terms of the number and
total degrees of polynomials defining them (Theorem 11) as well as in the partially
quadratic case (Theorems 16, 17, 18, 19, 20, and 21).

The results mentioned above are all proved using a single framework, which
can be summarized as follows. Using infinitesimal perturbation and inequalities
derived from the Mayer-Vietoris exact sequence, we reduce the problem of bounding
the sum of the Zy-Betti numbers of a particular class of semi-algebraic sets to
bounding the same for a set of real algebraic varieties, which are non-singular
complete intersections in affine space. The perturbations need to be chosen carefully
so that the degree dependencies of the various blocks of variables in the original
set of polynomials are preserved. We then use Smith inequalities and a result of
Khovanskii [32] to bound the Z,-Betti numbers of these varieties.

We apply the results mentioned above to prove refined bounds on the Betti
numbers of pull-backs and direct images under polynomial maps (Theorems 26, 27,
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28), and as an application of the last result (i.e. Theorem 28) give a better bound
(than possible before) on the Betti numbers of the space of affine subspaces of a fixed
dimension that meet a given semi-algebraic subset of R* (related to an important
problem studied in discrete geometry). Finally, we make some progress on extending
the theorem on refined bounds on the number of connected components of real
varieties defined by polynomials having different degrees, to a bound on the sum
of the Betti numbers using results proved in this paper and some other ingredients
(namely stratified Morse theory and Lefschetz duality from topology of manifolds).
This is reported in Theorem 32.

The rest of the paper is organized as follows. In §2 we state the main results
proved in this paper. In §3, we state some preliminary results that are needed in
the proofs of the main theorems. In §4, we prove the main theorems of the paper.
In §5, we prove bounds on the Betti numbers of pull-backs, direct images, and the
space of transversals of semi-algebraic sets. In §6, we prove a refined bound on
the Betti numbers of varieties defined by polynomials having two different degree
bounds. Finally, in §7 we list some open problems and possible future research
directions.

2. MAIN RESULTS

2.1. Betti numbers of sets defined by polynomials of bounded total de-
gree. We begin with the classical case of bounding the sum of the Betti numbers
of varieties and semi-algebraic sets in terms of the total degrees of the polynomials
defining them. This is the classical situation already considered by many authors
and already surveyed in §1.2, but our methods produce slight improvements which
we record here. We prove the following theorems.

Theorem 11. Let Q = {Q1,...,Q¢} C R[X1,..., Xk] be a finite set of polynomials
whose (total) degrees are bounded by d with £ > 0. Let V denote Zer(Q,R¥). Then,
b(V,Zs) is bounded by

(2.1)

k—1
, 1
min | ) (6) 2(Fy(d K, j) + Fo(d k, §)) + (6) oka* +3, (1 +@2d-1)*) |,
iV k 2

where
F(d Kk, j) = 14 (=) 4
k—j h . .
2d/j71 < Z( 1)kj+h( k ) (‘7+l2)2h2d/2>
h=0 =0 h+‘7 t
k—2
< k—1 k—2
< 2(Y25)e s oy,
. k—j+1 k-1 1k
Fy(d,k,j) = 14+ (-1)" 77 4 -1 (d®+k—-1)

IN
Y
™
=
~——
ISH
=
+
<
=
N~—
\.?r

and d' is the least even integer > d.
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In particular, if k is fived and ¢ < k, then for large d we have

(2.2) WV, Zy) < éw’ (j) <I; B i) d* 4 (O(d))* 1.

Remark 7. Writing the bound in Theorem 11 as a polynomial in d, the leading

coefficient is
£2()(12) < oo (5000

j=1 j=1

< (31 —1) (E:D for £ < k/2.

IN

Thus, for every fixed ¢ and every k sufficiently large (depending on /), and as d
tends to infinity, the bound in (2.2) is asymptotically equal to

0B =1) oy -2 k k—1
-k O¢(k d® 4 O ¢(d
( =] + Oe(k"7%) | d¥ + O ("),
where the implied constant in the notation O (resp. Oy ¢) depends only on ¢ (resp.
k,?). Notice that for £ > 8,

(3¢ -1) 1

. (|

-1 “3¢*y
(cf. Remark 6 following Theorem 10). Thus, for fixed ¢ and k (sufficiently large)
the bound in Theorem 11 is asymptotically better (as d tends to infinity) than

the bound in Theorem 10. Indeed the leading coefficient, Z((;’j%)l!), in the bound
in Theorem 11 tends to 0 exponentially fast with ¢, in contrast to the leading

coefficient in the bound in Theorem 10.

Remark 8. Notice that the bound in Theorem 11 is strictly better than the Oleinik-
Petrovskii-Thom-Milnor bound (Theorem 1) for all values of ¢, d and k, with d, k >
1, with equality in the case d =1 or kK = 1. Assuming that d, k > 1, we have that

%(1 + (2d — 1)*) < d(2d — 1)*1

since
1+ (2d—1)F < (2d — 1)1 + (2d — 1)* = 2d(2d — 1) 1.

Remark 9. Even though the results are incomparable, it is still interesting to note
that using earlier results of Adolphson and Sperber [1] (who used methods involving
bounding exponential sums) Katz [33] proved a bound of

(2.3) 6-2"- (24 (1 +rd)*H

on Yo, dimg, H.(V,Q;) (here H!(V,Q,) denotes the f-adic cohomology groups
with compact support), where V' C C* is an affine variety defined by r polynomials
in C[X7y,..., X}] of total degrees bounded by d. While this result is incomparable
with the results proved in this paper, and cannot be derived using our methods,
notice that the bound in (2.3) has an exponent of k + 1 which is worse than the
bound in Theorem 11 (in the case ¢, k are fixed and d is large).
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2.2. Betti numbers of sets defined by polynomials of bounded multi-
degrees. We now consider the multi-degree case.

Notation 3. Given, k = (k1,...,kp),d = (di,...,dp) € NP,k = 3P | k;, and
7 >0, we denote:

, k K\ (1 + p)3kitl
Gen(d, k,j) = 14+ (=1)F 7+ ¢ k—'+22<, )( > RIS 7/ L
ge ( .]) ( ) ( J ) j— 1 k p(p 4 2) 1 P
Theorem 12. Let Q = {Q,...,Q¢} C RIXM, ..., XP)] be a finite set of polyno-
mials with £ > 0, where for 1 < i < p, X0 = (sz)7 ... ,X,gz)), and degx ) (Q) <
di, di > 2, for all Q € Q. Let also V = Zer(Q,R¥), where k = >_"_, k;. Denote by
d=(d,...,dp) and k = (k1,...,kp). Then,
b(v7 ZZ) S Gmin(dvk,g)
< O()*p*tay - dy,
where Gmin(d, k, £) equals

k
AN 1
win (343 ()2 (Gl k) + Gl ke 4 1), JGn(2. K1) ).
j=1

d' = (dy,...,dy,), and for 1 <i < p, d; is the least even integer > d;.

Theorem 13. Let P = {Py,...,P,} Cc RIXM ..., XP)] be a finite set of polyno-
mials with s > 0, where for 1 < i < p, X = (Xl(i), . ,X,gi)), and degx ) (P) <
di, d; > 2, for all P € P. Denote by d = (dy,...,dp) and k = (k1,...,kp). Then,
foreach 1,0 <i<k—1,

k—i

> bi(Reali(0,RY),Zy) < Y <8) 49 Grnin(d, K, §)
0c{0,1,—-1}7 = M
< O(l)kskfiPSkdllh .. dl;p
Furthermore, if S is any P-closed semi-algebraic set, then
k k—i
1 .
b(‘97Z2) < ZZ<Sj >6JGmin(d7kaj)
i=0 j=1

< O(1)kstpPrdyt - dbr.

2.3. Betti numbers of semi-algebraic sets defined by polynomials with
different multi-degrees. We now consider the case when different polynomials
are allowed to have different multi-degrees.

Notation 4. For a matrixd € Z*** and I C [1,...4],J C [1, k], denote by d; s the
sub-matrix extracted from d by taking the rows indexed by I and columns indexed
by J. We denote

k
(24) Kgen(d) = > (=) > N(djg,0.0) |,
3=t ye(M) a=(a1,...,ap)€LY
Qi+ dap=j

where the function N(-,-) is defined in Eqn. (3.5).



12 SAUGATA BASU AND ANTHONY RIZZIE

Theorem 14. Letd = Zéék. Let for1 <i</{, B;=1[0,d;1] x---x[0,d; ] C VAR
Let Q = {Q1,...,Q¢} C R[Xy,...,X}], with supp(Q;) C B;,1 < i < £, and let
V = Zer(Q,RF).
Then,
b(V,Zs) < K(d),

where

k
Kd) = 3+Y > 2! Kgen (A7 11 1)

=1 IC[1,£],card(I)=1

/
d’ = |: j/ ] )
andd’ = [d”]1<z<g, with d’ the least even number > d; ; for1 <i </(,1<j <k.
1<5<k
Theorem 15. Let d = Z55". Let for 1 <i < (¢, B; = [0,d;1] x---x[0,d;x] C ZF.

Let P ={Py,...,P,} CR[Xy,..., Xy], with supp(P;) C B;,1 <i<s, s> 0.
Then, for each i,0 <i<k—1,

> bi(Reali(o,R),Zy) < Z( >4JK(d)

ce{0,1,—1}P7

Furthermore, if S is any P-closed semi-algebraic set, then

k k—i
b(S, Zs) <ZZ< ‘ )63Kd)
=0 j=1
Example 2. We give here an example in which Theorem 14 can be applied. Let
Q={Q1,...,Q¢} CR[Xy,...,Xk] with £ < k. Suppose that for each 7,1 < i < ¢,
degy, (Qq) < di,deng (Qi) = O(1),j # i. Moreover, assume that dy < dy < -+ <
dy. Then using Theorem 14, one obtains immediately that

(2.5)  b(Zer(Q,R¥),Zy) < O(1)* > Cont(lk o) | dy---df
@€l
a1+ Fag=k
where for any m,n > 0, and r = (r1,...,7,) € ZZy,c = (¢1,...,¢,) € ZLo, >, 1i =
> ¢j» Cont(m, n,r,c) denotes the number of matrices in ZZ " with the vector of
row-sums equal to r, and the vector of column-sums equal to ¢ (such matrices are
often referred to as contingency tables). Note that the quantity

Z Cont(¢, k, o, 1)
anéO
ap+-+ag=k

appearing in (2.5) depends only on k and ¢, is independent of the d;’s, and is
bounded by 20(+*) using results in [9] on the asymptotic number of contingency
tables.

Notice that the dependence on the various degrees d; in the bound above is
similar to the bound proved in [8] on the number of semi-algebraically connected
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components of a real variety defined by polynomials of increasing total degrees, with
some added assumptions on the dimensions of the intermediate varieties defined by
some of the subsets of the polynomials. There are no dimensional restrictions for
the bound in (2.5) to hold, and moreover the inequality in (2.5) gives a bound on
the sum of all Betti numbers not just on the zero-th one. However, the degree
restrictions in the assumption for (2.5) is much stronger than just requiring that
for each i, the total degree of the polynomial @; is bounded by d; + O(1) which
would suffice for the result in [8] to hold.

Finally, note that using Alexander duality, the bound in (2.5) is also an upper
bound on b(R* \ Zer(Q, R¥), Zy).

2.4. Betti numbers of sets defined by quadratic and partially quadratic
polynomials. In the following theorems we improve the result in Theorem 8. In
Theorems 16 and 18, we assume that the set P; is empty, and we are able to provide
more precise bounds in this situation. In Theorem 19 the hypothesis is the same as
in Theorem 8, and we improve the bound in Theorem 8 a significant way — namely
the dependence of the bound on m.

We first introduce the following notation.

Notation 5. In the following theorems, we will denote by k = k1 + ko, and
Hgen(d, k1, k2, §) = 2+ (=179 4 527 (kg + ko) =" (2d(ky + ko) + 1) .
Remark 10. Notice that for j, k1 < ko,
Hgen(d, k1, k2, 5) < (O(ks) Y~ (O(dk2))".

Theorem 16. Let Q@ = {Q1,...,Q¢} C R[Xy,..., Xk, Y1,...,Ys,] be a finite set
of polynomials with £ > 0, degx (Q) < d, d > 2, and degy(Q) < 2 for all Q € Q.
Let V denote Zer(Q,RF). Then,

b(Va ZQ) S H(da k17k27€)5

where

k
YA .
(26) H(d7 k17k27£) =3 + Z (]) ZJ(ngn(d/7k1ak27j) + ngn(d/7 k17k27j + 1))7

j=1
where d' is the least even integer > d. In particular, for £,k < ko,
(2.7) b(V,Z2) < (O(ko))* T rd™.

Remark 11. Notice that in the case k1 = 0 (thus the polynomials in Q are fully
quadratic), the bound in inequality (2.7) reduces to (O(kz))¢ almost recovering (i.e.
up to a factor k) the bound in Theorem 5 (albeit for affine varieties).

Remark 12. Tt might also be possible with more work (using the same ideas as in
the proof of Theorem 25 taking into account signs) to remove a factor of kg from
the bound in Theorem 16 (cf. Remark 23), and we leave this as an open question.

For projective varieties in IP’{%L defined by a fixed number of homogeneous qua-
dratic polynomials we have the following bound that is asymptotically a slight
improvement over the tightest bound known previously [36, Theorem 15] (namely,
the bound (O(k))*~1).
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Theorem 17. For each fixed { > 0, and for each set P C R[Xy, ..., Xg] of homo-
geneous polynomials of degree 2 of card(P) < ¢,

k

b(Zer(P,PL),Z,) < k+1Z()2’ngn i)
()

gen(k Z) (1 + (_l)k_i+1)(k —i+ 1)+

IN

(2.8)

where

i—1 k .
o et [ Senn(]) )+ wmien
h=0 j=i
Theorem 18. Let P = {Py,..., P} C R[X1,..., Xk, Y1,...,Ys,] be a finite set
of polynomials with s > 0, degx (P) < d, d > 2, and degy (P) <2 for all P € P.

Then, for each i, 0 <i<k—1,

k—i
> bi(Reali(o,R¥),Z,) < (S> AH( Ky, ka, 7)
0€{0,1,—1}7 Jj=1 J
(2.9) < (O(ke))*™Md"™ for s,k < ks,

where d' is the least even integer > d. Furthermore, if S is any P-closed semi-
algebraic set, then

b(S,Zs)

IA

f:kz (s—H)GJH(d’ Ky, k2, 5)

(ky + ko + 1)(O(ko))* TR d% - for ky < ko,
(O(ky))*HHr2dk.

(2.10)

IN

Remark 13. Notice that the bound in inequality (2.10) in Theorem 18 is significantly
better than the previous best bound known on this quantity (namely, inequality
(1.5) in Remark 4).

Theorem 19. With the same notation as in Theorem 8, for each i, 0 <i <k —1
and assuming m < ko, 206{0)17_1}p1w2 b;(Reali(o, R¥), Zs) is bounded by

ki
1\
g <]s><m+ >5JH(2d,k1,k27j2+1)
1

j=1 0<j1 <min(s,k1) J2
0<jo<min(m+1,k1+ka—j1)
Jit+j2=j

(211) < (O(k2))" " 2(O(sd)) "

form,ky < ks.
Furthermore, if S is any (P1 U Pa)-closed semi-algebraic set, then
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b(S,Zs) < i 3 (;)(mﬂ)wﬂ@d,kl,kz,jzﬂ)

= 0<j1<min(s,k1) J2
0<32<m1n(m+1 ki4+ka—j1)
Jitje=j<k—i

(2.12) < (O(k2))"T™H3(O(sd))*, for m, ky < k.

Remark 14. Notice that the bound in inequalities (2.11) and (2.12) in Theorem 19
is significantly better than the corresponding bounds in Theorem 8 (namely, in the
dependence on m and the exponent of k2).

2.5. Betti numbers of semi-algebraic sets defined by partially quadratic
polynomials with several blocks of variables. Lastly, we consider the case
of partially quadratic polynomials, with the non-quadratically bounded variables
allowed to have different degrees.

Notation 6. In the following theorems, we will denote by k& = k1 + ko, d =
(dy,...,dy,) € NF and

Mygen(d, k1, ko, ) = 24+ (=1)F 7+ 4 52Tk 1(ky + k)71 (2(ky + ko) + 1) dy - - - di,
Theorem 20. Let Q@ = {Q1,...,Q¢} C R[X1,..., Xk, Y1,...,Yk,] be a finite set

of polynomials with £ > 0, degx (Q) < d;, d; > 2, and degy(Q) < 2 for all Q € Q.
Let V denote Zer(Q,RF). Then,

b(‘/a Z2) < M(da kla k?vg)

where

k
Y/ .
M(d7 kla k27€) =3 + Z (]) 2j(]\Igen(d kl; kQa ) + Mgen(d kla kQ’] + 1))
j=1

and where d’' = (df, . .. 7d;ﬁ) and for 1 <i < ky, d; is the least even integer > d,.

In particular, for £,k < ks,

bV, Z3) < (O(k2))TFrdy - dy,.
Theorem 21. Let P = {Py,...,Ps} C R[Xy,..., Xk, Y1,...,Ys,] be a finite set
of polynomials with s > 0, degy, (P) < d;, d; > 2, and degy (P) <2 for all P € P.
Then, for each i, 0 <1i <k —1,
Y bi(Reali(0,RY),Zy) < Y (‘?)4J‘M(d’,k17k2,j)
o011} i=1 M
< (O(ko))¥™dy -+ -dy, for s, ki < ka,

where d' = ( i,...,d%l) and for 1 < i < ky, d is the least even integer > d;.

Furthermore, if S is any P-closed semi-algebraic set, then

k k—1
b(S,Zs) < ZZ( >6JM (d', k1, k2, )
=0 j=1
< (O(ke))*T™M+2dy - dy,, for s, ki < ko,

where d' = (dy,...,d}, ) and for 1 <i < ki, d is the least even integer > d;.
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3. PRELIMINARIES
We first recall some preliminary results that we will need in the paper.

1. Real algebraic preliminaries.

Notation 7. For R a real closed field we denote by R (¢) the real closed field of al-
gebraic Puiseux series in £ with coefficients in R. We use the notation R (e1,...,&m)
to denote the real closed field R (g1) (€2) - - - {(€,). Note that in the unique ordering
of the field R(e1,...,em), 0 <em K emog € -+ K e K 1.

Notation 8. For elements x € R (¢) which are bounded over R we denote by lim, x
to be the image in R under the usual map that sets € to 0 in the Puiseux series x.

Notation 9. If R’ is a real closed extension of a real closed field R, and S C R¥
is a semi-algebraic set defined by a first-order formula with coefficients in R, then
we will denote by Ext (S,R’) C R’* the semi-algebraic subset of R’* defined by the
same formula. It is well-known that Ext (S,R’) does not depend on the choice of
the formula defining S [17].

Notation 10. For x € R¥ and 7 € R, 7 > 0, we will denote by By(x,r) the open
Euclidean ball centered at x of radius r. If R/ is a real closed extension of the real
closed field R and when the context is clear, we will continue to denote by By(x,r)
the extension Ext (By(z,r),R’). This should not cause any confusion. We also
denote by S*7!(z,r) the (k — 1)-dimensional sphere in R¥, centered at z and of
radius 7.

3.2. Topological preliminaries.

3.2.1. Mayer-Vietoris inequalities. Let S, 52 be two closed semi-algebraic sets, and
F any field of coefficients. We will use heavily the following inequalities which are
consequences of the exactness of the Mayer-Vietoris sequence.

(3.1) bl(Sl USQ,IF) < bl(sl,F)—l-bZ(Sg,F) —&—bi,l(Sl ﬂS2,F>7
(32) bl(Sl n SQ, IF) bi(Sl, IF) + bi(SQ, F) + bi+1(Sl U 52, F),
(33) brL(Sl,}F)‘}’bz(SQ,]F) bZ(Sl USQ,]F)+Z)1(S1 ﬁSQ,F)

The following generalization in the case of more than two sets will also be useful
for us (see for example [17, Proposition 7.33]).

<
<

Proposition 1. Let Si,..., S, C R¥, s> 1, be closed semi-algebraic sets contained
in a closed semi-algebraic set T of dimension k'. For S<; = ﬂ1<j<t S;, and S<t =

Uscjer Sj- Also, for J C{1,....s}, J#0, let Sy = ;s Sj. and S = U, S;-
Finally, let S® = T. Then
(A) For 0 <i<Uk,
+1

bi(SSLF) <Y D> bija(Ss,F).

J=1Jc{l,...,s}
card(J)=j

(B) For0<i<FkK,
K —i

S
bi(S<e, F) <> Y biﬂ_l(SJ,]F)—i—(k/_i>bk/(5®,1[<’).

J=1Jc{1,...,s}
card(J)=j
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3.2.2. Smith inequality. Let X be a compact space (or a regular complex) equipped
with an involution map ¢ : X — S. Let Fix(¢) C X denote the subspace of fixed
points of X. The Smith exact sequence (see for example [21, page 126]) then implies
that

(3.4) b(Fix(c),Z2) < b(X,Zs).
Taking the involution ¢ to be the complex conjugation we obtain:

Theorem 22 (Smith inequality for affine sub-varieties of C* defined over R). Let
Q C R[Xy,...,Xi] be a finite set of polynomials. Then,

b(Zer(Q,R¥),Zy) < b(Zer(Q,CF), Zy).

Proof of Theorem 22. See §8.2 in the Appendix. O

3.2.3. Descent spectral sequence. The following theorem proved in [28] allows one
to bound the Betti numbers of the image of a closed and bounded semi-algebraic set
S under a polynomial map F in terms of the Betti numbers of the iterated fibered
product of S over F. More precisely:

Theorem 23. [28] Let S C RF be a closed and bounded semi-algebraic set, and
F=(F,...,F,):RF¥ = R™ be a polynomial map. For for all p,0 < p < m,

bp(F(S),Z2) < > bi(S xp -+ xp S, Zs).

0,720 :
i+5=p G+1)

3.3. Mixed volume. Mixed volumes of (Newton) polytopes of polynomials play
a very important role in the role of toric varieties, and will play an important role
in this paper (see Theorem 24 below). We recall here the definition and certain
elementary property of mixed volumes that we will need later in the paper referring
the reader to [39, §A.4] for any missing detail.

3.3.1. Definition of mized volume.

Definition 2 (Mixed volume). Given compact, convex sets Ki,...,K,, C R™,
and Aq,..., A\ >0, MK + -+ )\, K, is also a compact, convex subset of R™,
and %volm()\lKl + -+ A\ K,,) is given by a polynomial in Ay,...,\,. The
coefficient of \; - - - \,,, in the polynomial —vol,, (A K1 + -+ A\ K,,) is called the

m!

mized volume of Ky, ..., K,, and denoted by MV (K}, ..., K,,).

We will use a few basic properties of mixed volume that we list below (see [39,
§A.4] for an exposition).

(A) (Linearity)
MV(Ky, .. Kt NE A+ N K K. K) =
NMV (Ko KL Ko) = NMV(K . K Ko).
(B) (Monotonicity) K, C K/ implies that
MV(Ky, ..o K1, KL Kigrs o Kon) < MV(K, .o Koy, K K, Ko,
(C) If K) =--- = K,, = K, then
MV (K1, ..., Kn) = vol (K).
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Since in many of our applications we will be interested in obtaining upper bounds
on mixed-volumes of certain special polytopes — namely products of simplices or
boxes, the following simple consequences of Properties (A), (B), and (C) will be
useful.

Lemma 1. Fora; > 0,1 <i<m, let

—— ——
i—1 m—i—1
Then,
MV(K, ..., Ky) = 2 9m
m!
Proof. First observe that
1 1
mvolm()\llﬁ +o A Ky) = Mvolm([(), Araq] X -+ X [0, A @)
_ (al.."am)A1~~-Am_
m!
It then follows from Definition 2 that
MV(Ky,. .., Ky) = 2 m
m!

O

Proposition 2. Let By,...,B; ¢ R¥.1 < ¢ < k, and for 1 < i < ¢, B; =

[0,d; 1] x---x[0,d; x]. We denote by d = (d; j)1<i<e. Let ou, ..., a0 € Zso, with
1<j<k

Zle a; =k, and denote a = (a1, ...,ay4). Let

N(d,&) = MV(By,...,B,...,By,..., By).

(3.5) N(d,a) = > d*.
A=(a;;)€{0,1}°**
1<j<k @ij=0i,1<i<E
Pi<ice @ij=11<j<k

Denoting by (“’k]) the set of all partitions of [1, k] into disjoint subsets Jy, ..., J;

o7

with card(J;) = a;,1 <i </,

(3.6) Nd,a) < max d; ;
(J1,ede)€ (M) 1£I<15 !
JET;
In the special case, when for 1 <i¢<(,1<j <k, d;; =d;,
(3.7) Nd,a) = d*---dy*.

Proof. Equns. (3.5) and (3.6) follow from Lemma 1 and properties (A), (B), and
(C) of mixed volumes stated previously. Eqn. (3.7) is a simple consequence of
properties (A) and (C) of mixed volumes stated earlier. O
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Corollary 1. With the same notation as in Proposition 2, denoting for 1 <1i < ¢,

di = max H d@j,
.]C[l,k],card(.]):aijeJ
(3.8) Nd,a) < di*---dy*.
Proof. Immediate from Eqn. (3.5) in Proposition 2. O

3.4. Topology of complex varieties.

3.4.1. Euler-Poincaré characteristics of generic intersections in C™. In this section
we recall a fundamental result due to Khovanskil [32] that we will exploit heavily
later in the paper. This result in conjunction with Theorem 22 (Smith inequality)
allows us to bound the Betti numbers of generic algebraic varieties in R¥ in terms
of the Newton polytopes of the defining polynomials (under a weak hypothesis on
the Newton polytopes stated in Property 1 below).

Before recalling Khovanskii’s result we first introduce some more notation.

Notation 11. Let k be any field. For P = )  caX® € k[Xy,..., X}], we
denote by supp(P) C QF the convex hull of the set {a € N¥ | ¢, # 0}.

Property 1. Given a tuple A = (Ay,...,Ay), where for i = 1,....¢, A; C QF
is a convex polytope, we say that A satisfies Property 1 if for each non-empty
subset L C [1,4], dim(}_,.; A;) is at least k — £ + card(L). We say that a tuple of
polynomials P = (P, ..., P), P; € k[X1, ..., X}] satisfies the same property if the
tuple supp(P) = (supp(P1),...,supp(P)) satisfies the above property.

The following two special cases where Property 1 holds will be important later
and we record this fact here.

Remark 15. Notice that if each A; is a standard k-dimensional simplex in R” of
side length d; (i.e. the convex hull of 0, (d;,0...,0),...,(0,...,0,d;), with d; > 0),
then the tuple (Aq,...,A,) satisfies Property 1. The same is true if each A; =

[0,dia] x -+ x [0, d; ], where d = (d; ;) 1<i<e € ZZ.
1<)k

We first need a notation.

Notation 12. For o € ng and polytopes Aj,..., A, C R*, and any monomial
M(Xq,...,Xp,) = X of degree k,

M(AL,...,A) =K MV(AL .. Ay, Ay A,

aq ap

and the definition is extended to any form H € Q[Xj,...,X,] of degree k, by
linearity. Finally, for any rational function F'(Xi,..., X)), we define

(3.9) F(Ay,...,A,)) = Fu(A,....A),

where F}, is the degree k homogeneous component of the Taylor expansion of F' at
0.
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Theorem 24. [32] Let P = (P, .., Py), where each P; € C[Xq,..., Xy], and such
that P satisfies Property 1, and the coefficients of the polynomials P; are generic.
Let V = Zer(P,C¥). Then,

(3.10) = > H +A,,

IC[1,k]j=1

where AJI- is the face of A; obtained by setting X; = 0 for all i € I (cf. Notation
12 and Remark 16 below).

Remark 16. The right hand side of Eqn. (3.10) needs some explanation. For
I C [1, k], each simplex AJI is a polytope in RF—c2rd(/) "and the expression

Al

14
1

being a rational function of these polytopes represents a rational number using Eqn.
(3.9) in Notation 12 (with k being replaced by k — card(I)).

3.4.2. Betti numbers of smooth complete intersections in C*. The following propo-
sition appears in [19] relates the Euler-Poincaré characteristic of affine varieties
defined by generic systems of polynomials whose Newton polytopes satisfies Prop-
erty 1.

Proposition 3. [19, Lemma 3.5|. Let P = {P,..., P;}, where each
P; ¢ C[Xl, R ,Xk},

and such that P satisfies Property 1, and the coefficients of the polynomials P; are
generic. Let V = Zer(P,CF). Then,

(3.11) b(V,Z2) = 1+ (1)1 4 (=) "\ (V, Z2).
Proof. See [19, Lemma 3.5]. O

A similar result also holds for non-singular projective complete intersection va-
rieties. This is very well known and we sketch a proof.

Proposition 4. Let P = {Py,..., P} C C[Xy,...,Xx] be a set of generic homo-
geneous polynomials and ¢ < k. Let V = Zer(P,PE). Then,

(3.12)  b(V,Zy) = (1+(—DFY . (k—041)+ (1) x(V,Zy).

Proof. 1t follows from the Lefschetz hyperplane section theorem and Poincaré du-
ality that

(3.13) bi(V,Z2) = bi(PE* Za),i# k — L.
The proposition follows immediately from (3.13), and the fact that
bi(PE 4 Zs) = 1, ifiis even and 0 <4 < 2(k — £), and

= 0, otherwise.
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We stated previously that one of our main tools that we are going to exploit
heavily is Theorem 24, and this what we proceed to do in this section. We use The-
orem 24 in conjunction with Proposition 3 and Theorem 22 (Smith inequalities)
to obtain bounds on the sum of the (Zy) Betti numbers of certain generic affine
complete intersection sub-varieties of C¥ and RF that are of interest to us. These
include varieties defined by generic polynomials having prescribed total degrees,
or multi-degrees, or with a fixed block of variables appearing at most quadrati-
cally with the remaining having prescribed degrees, etc. These results are stated
separately since the precise calculations and the bounds obtained in each case is
different (though the main idea used to obtain these bounds is the same).

3.5. Some applications of Khovanskii’s theorem. In this section we use The-
orem 24 to obtain bounds on the Betti numbers of generic affine intersections in
several cases of interest to us. Since some of the calculations are long and technical,
for the sake of readability, we defer the proofs of some of the propositions to §8.2
in the Appendix.

We begin by observing that as a special case, when ¢ = k, Theorem 24 gives us
a theorem of Bernstein and Kouchnirenko, namely:

Proposition 5. [34] Let P = {P1,...,P,} C C[Xy,...,Xk] be a finite set such
that P satisfies Property 1, and the coefficients of the polynomials P; are generic
(cf. Definition 1) Then, Zer(P,CF) is a finite set, and

card(Zer(P,C*)) = kKl MV (A, ..., Ap),

where A; = supp(P;),1 < i < k. Moreover, if additionally P C R[X1,..., Xk],
then
card(Zer(P,RF)) < k! MV(Aq, ..., Ar).

Proof. Immediate from Theorem 24. O

Proposition 5 deals with the generic zero-dimensional case. Another result that
follows immediately from Theorem 24 is the following well known expression giving
the sum of the Betti numbers of a generic affine hypersurface in C* defined by one
polynomial of degree d. Note that this proposition could be also be deduced using
an argument involving counting multiplicities of Milnor fibers (see for example, [22,
page 152]) or as a special case of Proposition 7 proved below.

Proposition 6. Let P € C[Xy,...,X;],k > 0 be a generic polynomial of total
degree d. Then,

(3.14) b(Zer(P,C*),Zy) = 1+ (d—1).
If P€R[Xy,..., X},
(3.15) b(Zer(P,R*),Zy) < 1+ (d—1)k.
Proof. See §8.2 in the Appendix. O

Remark 17. Notice that if P € R[X1,...,X)] and defines a bounded, non-singular
hypersurface in R*, then Proposition 6 gives a better bound than just counting
critical points of a linear functional on Zer(P,R¥). The latter gives a bound of
d(d—1)*"1 > 14 (d—1)* for all d,k > 1, since
dd-—1DF1—(14+@Wd-1% = @d-1rF1-1
> 0, foralld, k> 1.
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We now consider the case of generic affine intersections of hypersufaces defined
by generic polynomials of possibly different degrees.

Proposition 7. Let P = {Py,..., P} C C[Xy,...,Xk],k > £ > 0 be a set of
generic polynomials with deg(P;) = d;. Then,

(3.16)
k—¢ ok
b(Zer(P,CF), Zy) = 14+(—1)* T pdy - - dy- Z(—l)k_“] ( )hj(dl, code) |
iz j+e
where
(3.17) hi(dy,....dg) = Y d*
CXEZZ(),
lee|=j
is the complete homogeneous symmetric polynomial of degree j ind = (dy,...,ds).
Moreover, if dy = --- = dy = d then
—1
(3.18)  b(Zer(P,CF),Zy) <1+ (—1)F1 4 <]z B 1) (dF +k—1) if € <k,
(3.19) b(Zer(P,CF), Zy) < d* if £ = k.
Additionally, if P C R[X1,...,Xk], then
(3.20)
k—¢ 2
b(Zer(P,R¥), Zs) < 1+(=1)F T 14d; - - - dy- —1 ’f-fﬂ(_ )h di,...,d
(Zer( ), L) < 14(-1) 1 e;)() I i(dy v)
In the case dy = --- =dp = d,
(3.21) b(Zer(P,RF), Zy) <14 (=1)F 41 4 (’; - i) (d* 4k —1),
if ¢ <k, and
(3.22) b(Zer(P,R¥), Zs) < d*,
if=k.
Proof. See §8.2 in the Appendix. |

Remark 18. We remark that Eqn. (3.16) in Proposition 7 below can also be ob-
tained by a Chern class computation and an argument using Lefschetz duality. (In
view of its importance we include this alternate proof in §8.1 in the Appendix.)
However, this approach is not applicable in many of the situations considered in
the current paper since the generic affine intersections that we consider might nec-
essarily be singular at infinity. For example, let K = 3, and A = [0, 1] x [0, 1] x [0, 1].
Then, a generic polynomial P € C[Xy, X5, X3] with supp(P) C A, defines a non-
singular hypersurface in C3, but defines a singular curve in the projective plane at
infinity defined by the (homogeneous) equation X;X2X35 = 0 (with three singular
points — namely, (1:0:0),(0:1:0),(0:0:1)). One could take more complicated
compactifications of affine space — for example, multi-projective spaces — which
would solve this problem, at the cost of increasing the complexity of the process of
subtracting the added part, a process which moreover would be different in each of
the cases that we consider. Because of these reasons it is convenient for us to have
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directly an expression for the Betti numbers of generic complex affine intersections
— which is afforded by Theorem 24 in conjunction with Proposition 3.

Remark 19. A special case of Proposition 7 will be used later, and we record it
here for future use. Let P C R[X},...,X)] be generic and equal to the disjoint
union of P; and Py, with card(P;) = ¢;, and the total degrees of the polynomials
in P; equal d;, i = 1,2. Applying Proposition 7 to this special case we obtain that
b(Zer(P,R*),Zs) is bounded by

k—

~

1+ (—1)F=1 4 ghgle . j;(_l)k—éﬂ' (ji£>hj(dh.z..,dl,d27.e..7d2)
i ok O\ [(CHi—2) i
= 1+ ()" v didy - JZ;(—D”*J(].MX Z, )d{ id
= (]Z:j)d?dgel+0(1)kd?“d’5€l1~

In particular if £, = 1, and d; = 2, b(Zer(P,R*),Z,) is bounded by

E

—£ g

(3.23) 1+ (—1)F 1 4 ogf-1. (c1ypei K (i =2Y iy
; g j+L i

J

i=

I
o

< 2(’; B ;) d*1 + (O(a))* 2.

Proposition 8. Let P ¢ C[XM), ... X®)], for1 <i<p, X® = (Xfi)7 . ,X,ii))

and degx ) (P) < d;, P € P, with { = card(P) > 0. Let k = (ky,...,kp),k =

S0 ki and Vo = Zexr(P,CF). Suppose also that the polynomials in P are generic.
Then,

(3.24)

- kO (K (@ p)Phttt
< V=41 _ 2 LR
b(Vo,Zo) <1+ (-1) +(k—(+2) <€_1> <k> Y gt dk

If additionally, P C RXW ..., XP)], and Vg = Zer(P,R¥), then
(3.25)

- ko (K\ 71+ p)3httt
< k=41 . 2 ki oL gk
b(Vr,Z2) <1+ (-1) +(k—0+2) (£_1>(k> oo+ 2) di*---dy

Proof. See §8.2 in the Appendix. O

In order to investigate the tightness of the inequalities in Proposition 8, it is
instructive to consider the special case of Proposition 8 when the block sizes are all
equal to one (i.e. p=Fk) and £ = 1.

Proposition 9. Let P be a generic polynomial in C[X1,..., Xy], and degy, (P) <
d; with di > dy > -+ > dj, > 0. We denote by d = (dy,...,dy), and for J C [1,k],
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FIGURE 1. The set of real zeros in R? of P. = (X7 —1)(X3—1)—¢
for small .

we denote d’ = T;c;d;. Then,

k
(3.26) b(Zer(P,C*),Zy) =1+ (-1)F + | Y (-7 > jd’ |,
j=1 JC[1,k]
card(J)=35<k

and if P € R[X1,..., X}], then

k
(3.27) b(Zer(P,RF),Zy) <1+ (=1)F + | Y (-7 > jld’
j=1 JC[L1,k]
card(J)=j<k
Proof. See §8.2 in the Appendix. |

Remark 20 (Comparison with the Olemnik-Petrovskii-Thom-Milnor bound). The-
orem 1 gives a bound of D(2D — 1)*~! in the context of Proposition 9 with the
total degree D = d; + -+ + dg. This bound is in general much worse than the
bound in inequality (3.27) in Proposition 9. For example, take k = 2, d = (d, d).
Then the bound from Theorem 1 (i.e. the Oleinik-Petrovskii-Thom-Milnor bound)
is 2d(4d — 1), while Proposition 9 yields a bound of
14+1—2d+2d* =2d* —2d + 2 < 2d(4d — 1)
for all d > 0.

Remark 21. Proposition 9 is tight when k; = ks = 1 and d = (2,2). Then, the
bound in Proposition 9 is (using the formula in Remark 20)

2:22-2.2+2=6.
Consider the polynomial
Po= (X7 -1)(X5 - 1) —«,
and let V = Zer(P.,R?). Then, for all sufficiently small ¢ > 0, by(V,Zz2) = 5, and
b1(V,Zs2) = 1 (see Figure 1), so that b(V, Zs) = 6.
Notice that the Oleinik-Petrovskii-Thom-Milnor bound of d(2d — 1)¥~1, where

d is the total degree, yields in this case 4 - (8 — 1) = 28, which is much worse than
the bound in Proposition 9.
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Proposition 10. Let By,...,B; C R¥,1 < ¢ < k, and for 1 < i < {, B; =

[O,diyl] X oo X [O,di7k]. We denote by d = (dld)llgléi Let P = {Pl, .. .,Pg} C
IS

C[X1,..., X, with supp(P;) = B;, Vo = Zer(P, CF), with P assumed to be generic.

k
b(Ve,Zo) < 14 (=DM 143y 3™ (ke > N(d,, o)

i a=(a,...;a0) €L,
artetar=j
(3.28) < Ok max max = H dij|,
a=(a1,...,ar)€Z>0 (Jy,...,Jp)e(LF h
a1+ tar=k S 0 ( @ ) 1]%;4

where for J C [1,k], dy is the £ x card(J) sub-matriz obtained by extracting the
columns corresponding to J in d, and N(d;, ) is defined in (3.5).
The same bound as in (3.28) also hold for b(Zer(P,RF),Zy), if additionally P

has coefficients in R.

Proof. See §8.2 in the Appendix. O

3.5.1. Quadratic and partially quadratic case. We now use Theorem 24 to obtain
bounds on the Betti numbers of generic intersections of quadratic and partially qua-
dratic polynomials. Since the dependence of the bounds on the different parameters
in this case are rather different from the previous cases, we start by explaining the
most simple case in detail.

Proposition 11. Let Py, P> be two generic quadratic polynomials in C[X1, ..., X].
Then,

(3.29) b(Zer({Py, P,},C*),Zy) = 2k.

Proof. First note that supp(P;),supp(P.) are both equal to the convex hull of
0,(2,0,...,0),...,(0,...,0,2). It follows applying Theorem 24 that for k > 2,

k j
X(Zer({Py, Py}, C*),Zy) = Z (k) (—1)7(5 — 1)j!2_—!

= 1+ (-DkF@2k-1).
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This implies (using Eqn. (3. 11) that

)
b(V,Z2) = 1+ (=1)F(x(Vk,Z2) = 1)
+ (=D 4 (1) X (Vie, Zo)
+ (DR (D (U (-DF(2k - 1))
= 2k.
O

Remark 22. In particular, when k = 2, b(Zer({ Py, P»},C¥), Zy) = 4, agreeing with
the fact that two generic quadratic polynomials in two variables will have 4 points
in their intersection.

In the case k = 3, notice that intersection, W of two generic quadric surfaces in
IP% is topologically a torus S' x S'. The intersection of W with the plane at infinity
is 4 points. Hence, Zer({P;, P,}, C*) in this case is homeomorphic to S' x 8! minus
4 points. This gives,

bo(Zer({ Py, Py}, C*), Zs) 1,
bi(Zer({P1, P}, C"),Zy) = 5.
This gives, x(V,Zy) = —4 which agrees with the formula above.

We now consider a more general situation.

Proposition 12. Let P = {P,..., P} be a finite set of generic polynomials in
ClX1,..., Xk, Y1,..., Y, | with0 < £ <k =ki+ks, and degx (P;) < d,degy (P;) <
2.

Then,

(3.30) b(Zer(P,CF),Zy) < 2+ (—1)" =1 4 028 (ky + ko)™ (2d(ky + ko) + 1) .

The same bound as in (3.30) also holds for b(Zer(P,RF),Zs), if additionally P has
coefficients in R.

Proof. See §8.2 in the Appendix. O

3.5.2. Generic intersections of quadrics in affine and projective spaces. Since the
intersections of quadrics is a very well studied topic [3, 36] we investigate the special
case of Proposition 12 where k; = 0. In particular, we calculate the leading coeffi-
cient of the polynomial in k giving the sum of the Betti numbers of the intersection
of ¢ generic quadrics in P, for every fixed ¢, thus solving a problem posed in [36]
(see Eqn. 3.33 below).

Setting k1 = 0 and ko = k, in the above calculation and keeping the same
notation, we obtain that

-1
(3.31) x(Zer(P,CF),Zy) = 1+ (—1)FF! (Z (k)(—Q)h> )

h=0 h

In order to calculate the Euler-Poincaré characteristic of a generic complete

intersection of dimension k—/ in ]P’é in terms of a fixed degree sequence (dy, ..., dy),
it suffices to take the sum of the Euler-Poincaré characteristics of the corresponding
affine varieties in C*,C*~1 .. . C’ (with the same degree sequence). Applying
this in our situation we obtain that if P = {P,..., P;} are generic homogeneous
quadrics in C[Xy, ..., X}] then it follows from the above and (3.31) that
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k —1 .
etz = (e (£(0)0)

-1 k .
(3.32) = S (2" (Z(—w‘“ (2)) F(k—C+1),

and using Proposition 4

(3.33) b(Zer(P, ), Za) = (14 (=1)* ) (k — £+ 1) + (= 1)*“x(Zex(P, PE,), Z»),

for ¢ < k.
It is easy to deduce directly from (3.32) and (3.33) that for £ > 3
2472
(3.34) b(Zer(P,PL), Z,) T K1 4 O(k2),

for fixed ¢ and k large.

To see this define,
: j
B(h,k,0) = 2" —1)7*1! )
k=2 [ L (7)

J=t

B(¢—1,k,¢) is the absolute value of the term corresponding to h = ¢ — 1 in the
expression in (3.32). We have

ot - (2 )-( ()
(3.35) _ 2@1<<’;_;>+<’;_;”>+...>_

Lemma 2. Forp >0, and all large n,

[(n—p)/2] .
n— 2t _ 1/n+1 »
Z ( P ) a 2(p+1)+0(n )

i=0
o=n/2)
A=y ("))

=0 p

From standard binomial identities we deduce

s ann =8 (151)=(111)

Proof. Let

i=0
and

A(n,p) —An—1,p) = An—1,p—1) < A(n,p—1).
The lemma now follows by induction on p, the case p = 0 being trivial. O

It follows from Lemma 2 and (3.35) that

(3.36) B(l—1,k0) = 2“(€f1> + O(K*2).
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Moreover,
-2
(3.37) > B(h,kt) = OK™?).
h=0
It follows from (3.36), (3.37), Proposition 4 that
(3.38) b(Zer(P,PL), 7o) = 2“(1[ 1) + O(E*?),

which implies inequality (3.34).

This answers a question raised in [36, page 4], where the first few values of the
leading coefficients were given, and the problem of calculating it exactly was posed.
Notice that this coefficient, %, goes to zero exponentially fast with /.

Using Theorem 22 (Smith inequality) and (3.34) we obtain the following theorem

(ct. [36]).

Theorem 25. Let P C R[Xo,...,Xk] be a set of £ generic homogeneous polyno-
mials of degree 2. Then for every fized £ > 3,

b(Zer(P,PE), Zy) < 2“(€f1>+0(k“).

Remark 23. Note that a more naive approach using a bound of (O(k))*~! on the
Betti numbers of generic intersections of ¢ affine quadrics in C*, the fact that
IP”(“j is the disjoint union of C¥,C*~1 ... C° and the additivity property of the
Euler-Poincaré characteristics, yields a slightly coarser bound of (O(k))¢. The signs
thus play an important role in the proof of Theorem 25. Finally, note that the
more general version of Theorem 25, with a slightly worse bound but without any
assumption of genericity appears in Theorem 17.

3.5.3. One quadratic block and multi-degree case. We now consider the case of
generic intersections of polynomials having one block of variables of degree 2, while
the other variables are allowed to have different degrees. More precisely, we prove:

Proposition 13. Let P = {Py,..., P} C C[Xy,..., Xk, Y1,...,Ys,] be a finite
set of generic polynomials with degy, (P) < d; and degy (P) < 2 for all P € P with
dy > dy > del and 0 < £ <k =Fk + ko. Then,

(3.39)

b(Zer(P,CF), Za) < 2+ (1) 1 4 028k 1 (ky + ko) (2(ky + ko) + 1) dy - - dy, -

The same bound as in (3.30) holds for b(Zer(P,R¥),Zy), if additionally P has
coefficients in R.

Proof. See §8.2 in the Appendix. O

4. PROOFS OF THE MAIN THEOREMS

4.1. Summary of the methods. Our main tools are the bounds on the Betti
numbers of generic intersections proved in §3.5 above, which are all consequences of
Theorem 24 and Theorem 22 (Smith inequality), the techniques of infinitesimal per-
turbations ([17, Chapter 7]), and the inequalities derived from the Mayer-Vietoris
exact sequence (Proposition 1). Using the techniques of infinitesimal perturba-
tions, and the inequalities in Proposition 1, we reduce the problem of bounding
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the Betti numbers of semi-algebraic sets defined by general (non-generic) polyno-
mials P € P C R[Xy,...,Xk] with support contained in given Newton polytopes
Ap, P € P (the tuple (Ap)pep satisfying Property 1), to bounding the Betti num-
bers of a collection of real affine algebraic varieties defined by generic polynomials
with (nearly) the same support. The proofs of Theorems 11, 12, 14, 16, and 20
(i.e. the cases of different classes of algebraic sets) are very similar to each other,
differing only in the application of the appropriate generic bounds. Because of this
reason we explain only the proof of Theorem 11 in full detail. Similarly, the proofs
of Theorems 13, 15, 18, and 21 (the semi-algebraic cases) are all similar in structure
to the proof of [17, Theorem 7.30] and [17, Theorem 7.38], again differing only in
the application of the appropriate generic bounds. We refer the reader to [17] for
any missing detail.

4.2. Deformation to generic. As mentioned above we will reduce the problem of
bounding the Betti numbers of semi-algebraic sets defined by general (non-generic)
polynomials P € P C R[X},..., X}] to bounding the Betti numbers of a collec-
tion of real affine algebraic varieties defined by generic polynomials with the same
support. For this we will need to following technical lemma.

Lemma 3. Let V. C RN be a Zariski closed subset with dimg(V) < N. Let
ac RN\ V. Then, for allbe RN, (1—6)-b+6-a ¢ Ext(V,R(5)).

Proof. Since, V is Zariski-closed, V = Zer(P,RY) for some P € R[Xi,..., Xx].
The polynomial F(T) := P((1 — T)b + Ta) € R[T] is not identically 0, since
F(1) # 0. Hence, there exists tgp € R with ¢y > 0, such that F' does not vanish
in the interval (0,%p). This implies that P((1 —J) -b + J - a) # 0, and hence
(1-=9)-b+0-a¢Ext(V,R(d)). O
Corollary 2. For 1 < i < £, let A; C QF be a convex polytope, and let H; =
Yaen, ik GaX® P = 3 cn ank bia X% € R[Xq, .., Xp],1 < i <4 Let V C
RY be a real variety, with N = Zle card(A; NNF). Leta = (...,a;q,...),b =
(... bia--.) € RN denote the vectors of coefficients of (Hi, ..., Hy) and (P, ..., Pr)

respectively. Suppose also that a & V. Then, if c € R<5>N is the vector of coeff-
cients of (1—9)-Pi+6-Hy,...,(1=0)-Py+0- Hy, then ¢ € Ext(V,R(d)). (In other
words, using the language introduced in Definition 1, if (Ha,...,Hy) is a generic
tuple of polynomials, sois (1 —06)-Py+0d-Hy,...,(1—=0)-Py+0 - Hy for all tuples
of polynomials (Py, ..., Py) with supp(P;) C A;,1 <i<{.)

Proof. Apply Lemma 3. O
4.3. Proof of Theorem 11.
Proof of Theorem 11. We first prove
(4.1) bV, Z) < (1 + (20— 1))
Let » > 0, and let
F(Xy,.., Xg) = Q1+ +Q7)/(r — |X[).

The set of critical values of F' is finite, so there exists ¢op € R,co > 0 so that
Zer(Q,R¥) is a non-singular hypersurface in R¥, where

(4.2) Qr=Qi +--+Qf +c(IX[* —r*) =0,
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for all ¢ € (0, ¢o). ) )
Denote by V = Zer(Q, R¥). Since deg(Q) < 2d, we have by Proposition 6 that
(4.3) b(Vi, Zo) <1+ (2d — 1),

Notice that the the closed and bounded semi-algebraic set, S, defined by QT <0,
is semi-algebraically homotopy equivalent to V.. = V' N B (0, 7).
Since S, is bounded by V.,

(1.4) IR ARSI A

(using for example [17, Proposition 7.27]).
Combining (4.3) and (4.4) we obtain

—_

b(Vy, Zs) = b(S,,Zs) < b(v;,zg) (1+ (2d —1)%),

2
which proves (4.1).

Finally, using conical structure theroem at infinity for semi-algebraic sets, we
have that for all r large enough, V. is semi-algebraically homeomorphic to V', from

whence it follows that

b(V,Zy) < b(VT,Zg) %(1+(2d—1)’“).

We now prove that

(4.5) b(V,Zy) < ( ) d”“+Z( )27 Fi(d k. §) + Fy(d' k, 7)) + 3,

where d’ is the least even integer > 0.

Denote for every even d” > 0, by Hgr, C R(e)[X1,..., X}k the subspace of
polynomials of degree < d’, and observe that there is a non-empty, open semi-
algebraic subset Uy~ j, C Hgr 1 such that for every H € Ugr i, H is strictly positive
on R{eo)".

Denote by W C Haj, X Hgr j, X -+ X Hgn j, the non-empty Zariski open subset

20
of generic tuples of polynomials (cf. Definition 1). Then, W NUsy X Ugr g X -+ - X

Ug 1, is clearly non-empty. Choose polynomials Hy, Hi, ..., Hg, such that the tuple
(HQ,Hl, .. .,Hgg) eWNUap xUg X - xUg g,
Let ~
Qo= (1= 08)- (|XI* — 1/£) — 5 - Hy,
and for 1 <17 </, let
Qz‘,Jr = (1-90)-Qi+6-Hyu,
Qi— = (1-6) Qi — 3 Hy.
Also, let R = R{e, 9).
Note that using Corollary 2, the polynomials Qo, Q1+, ..., Qe+ are generic.
We need the following lemma.

Lemma 4. The real algebraic variety Ext(V,R') (cf. Notation 9) is semi-algebraically
homotopy equivalent to the semi-algebraic set S C R'® defined by

Qo< A N (Qis >0)A(Qi <0)).

1<i<e
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Proof. Follows from [17, Lemma 16.17]. O
Let R R )
W =Zer(Qo,R")U | Zer(Qio R™).
1<i<e
U€{+17}

Note that R’%\ W is an open semi-algebraic set, and S is the union of a subset of
the semi-algebraically connected components of R’* \ W which are bounded. This
implies that

b(S, Zs) < b(R™*\ W, Zy),

[e]

where R’* is the one-point compactification of R’*, and is semi-algebraically home-
omorphic to the sphere S defined over R’. We will now use Alexander duality
theorem for semi-algebraic subsets defined over R’. Note that the statement of this
theorem over R restricted to semi-algebraic sets (proved for example in [43, page
296]) implies the corresponding statement over R’ by a standard application of the
Tarski-Seidenberg transfer principle. Using Alexander duality and the fact that W
is non-empty we obtain

b(S, Zs) < b(R™™\ W, Zs) < b(W,Zs) + 1.

We now bound b(W, Z5) using Proposition 1 noting that W is the union of 20+ 1
real algebraic sets.
Let

Q={Qi, | 1<i<to€{+ —}}

Proposition 1 implies that

(4.6)

bW, Zo) < > b(Zer({Qo} UQ \R™),Zo) + > b(Zer(Q,R™), Zy).
Q'co, Q'co,
card(Q')<k—1 card(Q')<k

Notice that for @' ¢ Q with Card(Q’) = k, we have by Bezout’s theorem that

(4.7) b(Zer(Q',R™*), Zy) < d'*.
Inequalities (4.7) and (4.6) imply
(4.8)
b(W,Zy) < (i) kd 4+ > (0(Zer({Qo}UQ R*), Zo)+b(Zer(Q , R™), Z)).
Q'co,

card(Q')<k—1

Finally for Q' ¢ Q with card(Q’) = j,1 < j < min(¢, k — 1), we have,

(49) b(Zer({Q} U Ql? le)a ZQ) < Fl (d/a kaj)?
using inequality (3.23) in Remark 19, and
(410) b(Zer(QlaR/k)7Z2)) < FQ(d/7kaj)

using inequality (3.21) in Proposition 7. Note that if j = 0, then
b(Zer({Qo}, R™), Z2) = 2,

and
b(zer(élvR/k)azQ) = b(Zer((Z), R/k)a ZQ) = b(levz2) =1



32 SAUGATA BASU AND ANTHONY RIZZIE

Inequality (4.5) now follows from Lemma 4, and inequalities (4.6), (4.8), (4.9),
and (4.10).
Finally, inequality (2.1) follows from inequalities (4.1) and (4.5). O

4.4. Proofs of Theorems 12 and 13.
Proof of Theorem 12. We first prove

1
(411) b(‘/a ZQ) < §Ggen(2d7ka 1)

The proof is similar to that of Theorem 11, but we note that the polynomial (4.2)
Q=0+ -+ Q2+ c(|X|? - r?) € RIXD,...,X®)] has multi-degree bounded
by 2d. Therefore, b(Zer(Q,Rk), Zs) < Ggen(2d, k, 1) using Proposition 8.

‘We now prove

k
(412)  b(V,Zs) < 3+Z(f)w(c:gen(d',k,j)+Ggen(d’,k,j+1)).
j=1

We proceed in the same manner as in the proof of Theorem 11. We note that the
sphere can also be viewed as a polynomial in R[X(l)7 . ,X(p)], where each block
has degree equal to 2. Notice that we assume all d; > 2, so we can view the poly-
nomial Qg in the proof of Theorem 11 as another polynomial with the same block
structure and degree bounds as each polynomial in Q. Therefore, we can replace
both Fi(d',k,j) (vesp. Fa(d',k,j)) with Ggen(d',k,j + 1) (resp. Ggen(d',k,j)).
The theorem follows from inequalities (4.11) and (4.12). O

Proof of Theorem 13. The proof is similar to those of [17, Theorem 7.30] and [17,
Theorem 7.38] with the following modification that instead of using Theorem 1 for
bounding the sum of the Betti numbers of various algebraic sets that occur, we use
the bound in Theorem 12. O

4.5. Proofs of Theorems 14 and 15.

Proof of Theorem 1. The proof is similar to the proof of Theorem 12 using Propo-
sition 10 instead of Proposition 8. O

Proof of Theorem 15. The proof is similar to the proof of Theorem 13 using The-
orem 14 instead of Theorem 12. O

4.6. Proofs of Theorems 16, 17, 18, and 19.

Proof of Theorem 16. The proof is similar to that of Theorem 12. Since we have ¢
partially quadratic polynomials, we use Hgen(d', k1, k2, j) in place of Ggen(d', k, j),
where Hgen(d', k1, k2, j) is the bound from Proposition 12, noting that we assume
d > 2. O

Proof of Theorem 17. The proof is similar to the proof of Theorem 11 above using
generic positive quadrics to perturb the given polynomials (in lieu of the polynomials
H; in the proof of Theorem 11). More precisely, for 1 < i < ¢, let

Qiy = (1=0)-Qi+0d-Hy 1,
Q- = (1-08)-Q;—6- Ha,
where the polynomials Hy, ..., Hy are chosen to be generic positive quadrics. Using

Corollary 2, the polynomials Qo, Q1,+,. .., Q¢+ are generic.
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Also, let R’ = R{(9).
Using Lemma 4 The real algebraic variety Ext(V,R’) (cf. Notation 9) is semi-
algebraically homotopy equivalent to the semi-algebraic set S C ]P”f{, defined by

/\ (Qiy > 0) A (Qi,— <0)).

1<i<e
Let _ ~
W= ] Zer(QioR™).
1<i<t
oe{+,—}

Note that ]P’ﬁ, \ W is an open semi-algebraic set, and S is the union of a subset
of the semi-algebraically connected components of P&, \ W. This implies that
b(S, Zs) < b(PE, \ W, Zs).
We will now use Lefschetz duality theorem for semi-algebraic subsets defined
over R/.
Using Lefschetz duality we obtain that
b(S,Zs) < b(PR \ W, Zs)
< bW, Zo) + b(Plys, Zo)
(4.13) = b(W,Zs) +k+1.
We now bound b(W,Z,) using Proposition 1 noting that W is the union of 2¢
real algebraic sets.
Let ~ ~
Q= {Qi,a | 1<i<{to¢€ {+7_}}‘
Proposition 1 implies that

(4.14) bW, Zs) < Y b(Zer(Q,PR), Zy).
9'cQ
Now use inequalities (4.13), (4.14), and (3.33) to obtain the bound in the theo-
rem. t

Proof of Theorem 18. The proof is similar to those of [17, Theorem 7.30] and [17,
Theorem 7.38] with the modification that instead of using Theorem 1 for bounding
the sum of the Betti numbers of various algebraic sets that occur, we use the bound
in Theorem 16. (]

Proof of Theorem 19. The proof is again similar to the proofs of Theorem 7.30 and
Theorem 7.38 in [17] with several modifications. In the proof of Theorem 7.30 in
[17], we let @ = {0}, and P = Py U Po, and we let P; = {Py,..., P} and P2 =
{Psy1,...,Psym}. In Proposition 7.34, for each sign condition o € {0,1, —1}%, we
redefine the basic closed semi-algebraic set

Reali(o) C R{3,01,..-,0s1m,E1,- - ,55+m>k

in the following way. Without loss of generality assume

o(P) =0ifhel,
o(Py)=1ifheJ,
o(Py)=—1ifhe{l,....s+m}\(TUJ),
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and denote by Reali(o) the subset of R(d,d1, ..., ds+m,€1,- - ,5S+m>k defined by
S(IXPP+ Y <1,
—ep < Py, < ey, ifhEI,
Py, 25h, ifhEJ,
P, < —6p, ithe{l,...;s+m}\(TUJ).

It is easy to verify that Proposition 7.34 in [17] remains true with this new
definition of Reali(o).

Now we observe that since P; C R[X1,..., Xk, ], no more than k; polynomials
amongst the set {P; £ 1, P, +e1,...,Ps £ 05, Ps £ &5} can have a common zero.
Each non-empty real algebraic set V defined by some subset of the polynomials
{P1 :t($17P1 :|:€1, NN 7PS :l:(;s,ljs :l:ES}U{Po}, where PO = §(|X|2+|Y|2) — 1, is the

set of zeros of two sets of polynomials, namely
(Pn + onnn)ness s € {en, 0n},on € {£1},J1 C [1, 3],
(Pn + onnn)nets, M € {€n,0n},0n € {£1},Jo C [s + 1,5 +m],
and possibly Py, with j; = card(J1) < k1, and jo = card(J2) < min(m + 1, k1 +
feo — j1 —4).
We also note that V' is defined by the (card(J2)+1) or (card(Jz)+2) (depending
on whether Py is included or not) polynomials

Z (Pn + onnn)?, (P + onnn)ne
heJy

(and possibly Py). The degrees of these polynomials are at most 2d in X, and at
most 2inY. We can use Theorem 16 to bound b(V, Z3) by H(2d, k1, ko, card(J2)+1)
or H(2d, k1, ko, card(J2)+2) (depending on whether P is included or not) (cf. Eqn.
(2.6)).

Moreover, the total number of non-empty real algebraic sets V' that occur in the

proof is bounded by
Z <§)<m'—5—1)4j1+jgl
0<j1<ki J1 J2

OSngmin(m+1,k1+k27j1 77,)

One now obtains inequality (2.11) by following the rest of the argument in the proof
of Theorem 7.30. Note that we needed to increase the number of polynomials by
one by including the polynomial Fy. This accounts for the m + 1 in the subscript
of the second sum in the bound.

The proof of inequality (2.12) is by a similar modification of the proof of Theorem
7.38 in [17] and is omitted. O

4.7. Proofs of Theorems 20 and 21.

Proof of Theorem 20. The proof is similar to that of Theorem 12. Since we have ¢
partially quadratic polynomials with several blocks, we use the bound
Mgen(d/7 kla k27 ])

in place of Ggen(d’, k,j), where Mgen(d’, k1, k2, j) is the bound from Proposition
13, noting that we assume each d; > 2. O
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Proof of Theorem 21. The proof is similar to that of Theorem 13, except that the
bound for the sum of the Betti numbers corresponding to a subset of indices of
cardinality j is now given by M (d’, k1, k2, 7). O

5. A FEW APPLICATIONS
In this section we give a few applications of the results proved in the last section.

5.1. Bounding Betti numbers of pull-backs and direct images under poly-
nomial maps. We discuss a few immediate applications of the multi-degree bounds
proved in §4.

Theorem 26 (Bound on pull-back). Let F = {Fi,...,F,} C R[Xq,...,Xx] and
G C R[Y3,..., Y], with deg(F) < d,F € F, and deg(G) < D,G € G, and let
card(G) = s. LetF : R¥ — R™ denote the polynomial map x +— (Fy(x),. .., Fy(x)),
and let S C R™ be a G-closed semi-algebraic set. Then,

k+m k+m—i m+s+1
b(F(S),Z2) < Z Z ( >6ijin(d,k,j>
< O(1)k+m(m+s)k+mcszm.

Proof. Suppose that ®(Y7,...,Y,,) is a G-closed formula defining S. Notice that
F~1(9) is semi-algebraically homeomorphic to the semi-algebraic subset of R+
defined by the formula
V(X Y):= \(Vi— F=0)AQ(Y1,..., V).
i=1

The number of polynomials appearing in ¥ is bounded by m + s. The degrees
in Y of the polynomials appearing in ¥ are bounded by D, while the degrees in X
are bounded by d. Applying Theorem 13 with p = 2, k = (k,m), and d = (d, D),
we obtain

k+m k+m—1i

1\ .
b(Reali(W,R*™) Zy) < S Y (m+5+ )GJGmm(d,k,ﬁ
=0 gj=1
k+m k4+m—1
m+s+1 . m m .
< Z Z ( )670(1)k+ d*D™ (using (2.4))
=0 gJ=1
< O(l)k+m(m+s)k+mdem.

O

Theorem 27 (Bound on image). Let F = {F1,...,F,},G C R[Xq,..., X}, with
deg(F) < d,F € F, and deg(G) < D,G € G, and let card(G) = s. Let F :
R¥ — R™ denote the polynomial map x — (Fy(z),...,Fy(z)), and let T C RF be
a bounded G-closed semi-algebraic set. Suppose also that d > D.

Then, for 0 <i<m,

WET).Z) < S ZZ (”1(m“)“)(afamin(d,k,ﬁ)

0h=0 ¢=1 ¢
(z)“l(m—i— s)aid(z-i-l)kDm

A

IN

where a; = (i + 1)k +m.
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Proof. Using the descent spectral sequence we have that

bi(F(T ZbZ i(T xg - xp T, Zs)
(3+1)
(5.1) < > BT xp - xp T, Zy).
=0 G+1)
Suppose that T is defined by a G-closed formula W. Notice that for all j > 0,
T xg --- Xp T is defined by the formula

(G+1)

vOI(x©, X /\ /\ U(XM,Y) A (Y; - F(XM) =0),
1=1h=0

where Y = (Yi,..., Yp), X0 = (XM x"y o< h<j.
The cardinality of the set of polynomials appearing in ) is (j +1)(m + s), the
degree in each block X" is bounded by d, and that in Y is bounded by D.
Denote by a; = (j + 1)k + m. Now apply Theorem 13 with p = j + 2, k =
(ky...,k,m),d=(d,...,d,D) to obtain
———— ———

J+1 j+1
Qi a]., 1 1
b(T XF‘"'XFT,ZQ) < Z Z (j+ m+5)+ >6ZGmin(d,k,£)
—_———
G+D) =0 =
(5.2) < 0@))% (m + s) dUFTDEpm
The theorem now follows from Eqns. (5.1) and (5.2). O

Remark 24. Note that versions of Theorem 26 and Theorem 27 without the dis-
tinction between the two degrees d and D were known before (see [26]). The novel
aspect of these two theorems is the different dependence of the bounds proved on
the two degrees d, D. In certain applications, this distinction is important.

We record the following result similar to that of Theorem 27, which is also
useful in practice. The following situation occurs very frequently in semi-algebraic
geometry.

Let S; € R*, and Sy C R¥ x R™ be semi-algebraic subsets, and 7x : R¥ x R™ —
R*, 7y : RF x R™ — R™ be the two projection maps on the first and second factors
resp.. Let T = 1y (7 (S1) N Sa) (see figure below).

ﬂ')—(l(Sl) n SQ
. / \T.

Theorem 28 (Set-theoretic Fourier-Mukai transform). With the same notation
as above, let P1 C R[Xy,...,Xg] and Po C R[Xy,..., Xk, Y1,...,Y,,] be finite
sets such that S1 C RF is a Pi-closed semi-algebraic set and So C RFT™ s a
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bounded Ps-closed semi-algebraic set. Suppose that degx (P1),degx (P2) < d and
degy (P2) < D. Suppose also that d > D.
Then for 0 <i < m,

I N +1)(s +s )+ 1
bz(Tv ZZ) é Z ( ] ! ? )6€Gmin(d7k7£)
7=0h=0 ¢=1

< O(Z)al (51 + Sg)a (z+1)kDm
where a; = (i + 1)(k+m) + k, and s1 = card(Py), so = card(Ps).

Proof. Note that the semi-algebraic set 75" (S1) N Sy is a bounded (P UPy)-closed
semi-algebraic set, with degrees in X bounded by d and in Y bounded by D.
Note that if S; is defined by the formula ®(Xi,...,X%) and Sy is defined by
the formula U (Xy,..., Xk, Y1,...,Ys), then the set 7'(';(1(51) N Sy is defined by
D(Xq, ..., X)) ANU(Xy, ..., Xy, Y7,..., V). Note that with the above notation, for
all 7 >0, T Xy -+ Xgy T is defined by the formula

—_———

(3+1)
J
OU(X®, . XU v):= A\ XM, ¥)ATXM,Y),

h=0

where Y = (Yi,..., Yp), X0 = (XM x"y o< h<j.
The cardinality of the set of polynomials appearing in ©) is (j + 1)(s1 + s2),
the degree in each block X is bounded by d, and that in Y is bounded by D.
Applying Theorem 27 with o; = (j + 1)k + m we get

aj Qj—

1)( 1
(T Xny - Xmy T ) < Y (“ (514 s2) + )6‘*Gmin(d,k,z)
—_—————
) h=0 ¢=1
(5.3) < O())% (s1 + s2)dUTVE D™,
The theorem follows from the inequality (5.1). O

5.2. An application to discrete geometry. The theory of transversals is a
very well-studied topic in discrete geometry with many applications. Suppose
that S C R* is a closed and bounded semi-algebraic set. We define the space
Transversaly (S) C AffGry 1 (R) to be the set of k’-dimensional affine subspaces ¢
of R¥ such that £ NS # 0 (where we denote by AffGry i/ (R) the space (the affine
Grassmannian) of k’-dimensional affine subspaces of R*¥ . Upper bounds on the
topology of such spaces of transversals are important in discrete geometry (see for
example [29]).

We prove the following theorem which improves the bound that one obtains
using previously known methods by exploiting the multi-degree bounds proved in
the current paper (see Remark 25).

Theorem 29. Let S C R be a bounded P-closed semi-algebraic set, where P C
R[X1, ..., Xk] with deg(P) < d,P € P, and card(P) = s. Then, for all k',0 <k’ <
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k, b;(Transversaly (S), Zs) is bounded by

I N ((j—i— D(s+m+20k+1)+1

' )GeGmm(d, k, /)

IN
S
3
~~ ©
V)
+

m + 2(k + 1)) d+ Dk
where k = (k,...,k,m), d = (d,...,d,2), and o; = (i + 1)k + m, with m =
———
j+1 j+1
(k+1)(k+2)/2—1.
Proof. We first identify AffGry, - (R) with an open dense semi-algebraic subset of
the real Grassmannian Grg 1 +1(R) of (k' + 1)-dimensional subspaces of R¥*! in
the standard way, identifying ¢ € AffGr(k, k') with the linear hull of ¢/ = {(z,1) |
r € ¢ C RF} ¢ R*¥L. Similarly, let S; = {(x,1) | # € S} C R¥. The set
Transversaly/ (S) can then be identified with the space (which we also denote by
Transversaly (S5))
{fl S Grk+1,k/+1(R) | NSy # @}
Now Grg41,1+1(R) is semi-algebraically homeomorphic to the real affine variety
defined by

(5.4) {A e R+ At — A A2 = A Tr(A) = k' +1}.

(see for example [20, Theorem 3.4.4]).

We identify Gryyqp41(R) € REFDER2)/2=1 with the subset of the linear sub-
space of the space of (k+ 1) x (k+ 1) symmetric matrices with entries in R having
trace k' + 1 (notice that the subspace containing Gryyi xr4+1(R) has dimension
(k+1)(k+2)/2—1 and that the degrees of the polynomials in (k+1)(k+2)/2—-1
variables defining Gry41 441 are all bounded by 2).

Let So € RF x RHDHEHD/2-1 1o the semi-algebraic set (the total space of the
tautological bundle over Gry41 x4+1(R)) defined by

(5.5) So={(x,A) |z €RF A€ Crpyipi1(R), A2’ =2’ 2" = (x,1)}.
Let 71, m2 be the projection maps as depicted in the following figure.

Rk+1 X Grk+1’k/+1 (R)

/ \
RAH! Griy1p41(R).
Observe that
Transversaly (S) = w2 (7 1 (S1) N Sy).
Now apply Theorem 28 noting that the number of polynomial equations (each of
degree 2) used to define Gryy1 x41(R) in Eqn. (5.4) is equal to k +m + 1, where

m = (k+1)(k +2)/2 — 1, and hence the number of equations (each of degree at
most 2) used in the definition of Sy in Eqn. (5.5) is equal to m + 2(k + 1). O

Remark 25. Note that if we used the more standard Pliicker embedding of the

Grassmannian Grp41,/+1(R) in the projective space ]P’(/\kl+1 R*+1) of dimension
(,f,fl) — 1, we would obtain a bound which is doubly exponential in k£ in the worst
case. The fact that over a real closed field, the Grassmannians are semi-algebraically

homeomorphic to the real affine variety described in Eqn. (5.4) allows us to obtain
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a much better bound (which is only singly exponential in k). Secondly, if we
used the best known prior results on effective quantifier elimination to estimate
bi(Transversaly (S), Zs) from above, we would obtain a bound of (O(ksd))*™ which
has a much worse dependence on d than the bound proved in Theorem 29.

6. BOUND ON THE BETTI NUMBERS OF REAL VARIETIES DEFINED BY TWO
POLYNOMIALS HAVING DIFFERENT DEGREES

6.1. Background. It was mentioned in the introduction that quantitative bounds
on the Betti numbers (in particular, on the 0-th Betti number) has proved to be
important tools in several areas. More recently, triggered by the development of a
new technique in discrete geometry (namely, the polynomial partitioning method)
it became necessary to prove bounds which has a finer dependence on the degree
sequence of the polynomials rather than on the maximum degree (as in Theorem
2). The following theorem (conjectured by J. Matousek [37]) was proved in [7] to
meet the needs of discrete geometry and has already found several applications.

Theorem 30. [7] Let Q,P C R[Xq,...,Xk] be finite subsets of non-zero polyno-
mials such that deg(Q) < dy for all Q € Q, deg P = ds for all P € P, and suppose
that di < dy. Suppose that the real dimension of Zer(Q,RF) is k' < k, and that

card(P) = s.
Then,
> bo(Reali(o, Zer(Q, RY)), Zo)
ce{0,1,—1}7
15 at most

k:,

. + 1 o ’ R
S v <5 ; > ((k_,;v;;H) (2d1)5¥ & max{2dy, do}*¥ 9 +2(k — j + 1)) .
j=0

In particular,

(6.1) > bo(Reali(o, Zer(Q,RY)), Z5) < O(1)F(sdo)™ di ="
ce{0,1,—1}P7

Theorem 30 has proved to be important in incidence questions in discrete geom-
etry [42, 45, 41, 18]. Even though in these applications it is usually a bound on the
number of semi-algebraically connected components of semi-algebraic sets defined
by polynomials of possibly different degrees that is important, it is a very interest-
ing mathematical question (asked already in [7]) if the inequality (6.1) in Theorem
30 can be extended to a bound on the higher Betti numbers. We formulate below
a more precise conjecture.

Conjecture 1. With the same notation and hypothesis as in Theorem 30, for all

1,0<i <k,

(6.2) > bi(Reali(o, Zer(Q,RY)),Z5) < O(1)FsF1di M db'.
ce{0,1,—1}7

At present we do not know how to prove Conjecture 1 except in the case i = 0,
which is Theorem 30, and the techniques used in proving Theorem 30 do not easily
extend to the case of ¢ > 0. In this paper, we make some progress on this problem
by proving Conjecture 1 for all ¢ > 0, but only in the special case when ¥’ = k — 1.
In fact we prove the following slightly stronger theorem.
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Unlike in the previous sections the bounds stated in this section will be valid for
Betti numbers with coefficients in an arbitrary field F rather than just Z,. This is
because we do not use Smith inequality in our proofs.

Theorem 31. With the same notation and hypothesis as in Theorem 30, for all
1,0 <i <k <k, and any field of coefficients T,

> bi(Reali(o, Zer(Q,RY)), F)

0e{0,1,—1}7
is bounded by
k' —i
6.3 Y (j) 41 (F(2dy, 2dy, k) 4 F(2dy,2dy, k — 1) + 1) < O(1)*s* ~idyds,
j=1

where

F(dy,da, k) = (k ; 1) d, <(d1 Skl @dg(d2 - 1)“) .

The rest of this section is devoted to the proof Theorem 31. We begin as usual
with the algebraic case.

6.2. The algebraic case. In this section we prove a nearly optimal bound on the
sum of the Betti numbers of a real variety V C R* defined by two polynomials of
possibly differing degrees d; < dy. We prove that

b(V,F) <O)*dyds.
The above bound follows from the following more precise theorem.

Theorem 32. Let P, P, € R[Xy,...,Xg], with 0 < deg(Py) < dy,deg(P) <
dy,2 < dy < dy, and V = Zer({ Py, P,},RF). Then,

b(V,F) < F(dy,da, k) + F(dy,da, k — 1) + 1,

F(dy,dy, k) = (k * 1) dy ((d1 — Dkt @c@(dg — 1)H> .

where

2

In particular,

b(V,F) < 8<k ‘; 1) dyds(dy — 1)F2.

Remark 26. Notice that direct application of Theorem 11 would yield a bound of
O(ds)* which is not optimal if d; < ds.

We now prove Theorem 32. The proof involves several steps and utilizes a few
results from stratified Morse theory that we recall first.

6.2.1. Stratified Morse Theory. We follow the exposition in [30] (and also [12].

A Whitney stratification of a space X is a decomposition of X into sub-manifolds
called strata, which satisfy certain frontier conditions, (see [30] page 37). In particu-
lar, given a compact set bounded by a smooth algebraic hypersurface, the boundary
and the interior form a Whitney stratification.

Now, let S be a compact Whitney stratified subset of R*, and f a restriction
to S of a smooth function. A critical point of f is defined to be a critical point of
the restriction of f to any stratum, and a critical value of f is the value of f at a
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critical point. A function is called a Morse function if it has only non-degenerate
critical points when restricted to each stratum, and all its critical values are distinct.
(There is an additional non-degeneracy condition which states that the differential
of F' at a critical point p of a strata S should not annihilate any limit of tangent
spaces to a stratum other than S. However, in our situation this will always be
true.)

We now assume that S C RF is a Whitney-stratified set, and suppose that
/S — Ris a Morse function. We denote S,, (resp. S<;) denote SN f~!(z) (resp.
S0 fL(~o00,a])).

The first fundamental result of stratified Morse theory is the following.

Theorem 33. [30] As ¢ varies in the open interval between two adjacent critical
values, the topological type of S N7~ 1((—oc0,¢]) remains constant.

Stratified Morse theory actually gives a recipe for describing the topological
change in S<. as c crosses a critical value of f. This is given in terms of Morse
data, which consists of a pair of topological spaces (A, B), A D B, with the property
that as c crosses the critical value v = f(p), the change in S<. can be described by
gluing in A along B.

In stratified Morse theory the Morse data is presented as a product of two pairs,
called the tangential Morse data and the normal Morse data. The notion of product
of pairs is the standard one in topology, namely

(A,B) x (A',B")=(Ax A;Ax BUB x A").

Definition 3 (Tangential Morse data [30]). The tangential Morse data at a critical
point p is then given by (B* x B¥=* (dB*) x B¥=*) where B* is the closed k-
dimensional disk, 0 is the boundary map, and A is the index of the Hessian matrix
of f (in any local co-ordinate system of the stratum containing p in a neighborhood
of p) of f (restricted to the stratum containing p) at p.

Definition 4 (Normal Morse data [30]). Let p be a critical point in some k’-
dimensional stratum Z of a stratified subset S of R¥.
Let N’ be any (k—Fk’)-dimensional hyperplane passing through the point p which
is transverse to Z which intersects the stratum Z locally at the single point p.
Then, the normal slice, N(p) at the point p is defined to be,

N(p) = N'n SN Bk(p,9),
for sufficiently small 6 > 0.
Choose § > ¢ > 0, and let £~ = N(p) N f~*(f(p) — ¢). The normal Morse data
has the homotopy type of the pair (cone(¢7),£7).

The following theorem measures the change in topology as we cross a critical
value.

Theorem 34. [30, page 69] Let [a,b] C R an interval which contains no critical
values except for an isolated critical value v € (a,b) which corresponds to a critical
point p of f restricted to some stratum Z of S. Let A\ be the Morse index of the
critical point p, Then, the space S<y has the homotopy type of a space which is
obtained from S<, by attaching the pair (B*,0B*) x (cone(£~), ).

We will need to use Theorem 34 in the following particularly simple situation. Let
S C R¥ be a closed and bounded semi-algebraic set defined by A pep(P=0)AQ >
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0, where P U {Q} C R[X1,...,Xx] such that Zer(P,R*),Zer(Q,R¥),P € P are
non-singular hypersurfaces intersecting transversally. Then S is Whitney stratified
with two strata — namely, Z = Zer(PU{Q},R*) and Z’ = S\ Z. Suppose that f is a
Morse function on the stratified set S, and moreover f restricted to Zer(P, R¥) has

no critical points that belong to .S. We prove the following theorem as a consequence
of Theorems 33 and 34 above.

Theorem 35. With tfhe assumptions stated above, b(S,F) is bounded by the number
of critical points of f restricted to Zer(P U {Q}, RF).

Proof. We note first that it suffices to prove the theorem for R = R. The general
case then follows after a standard application of the Tarski-Seidenberg transfer
principle. Let p € R be a critical point of f restricted to Zer(P U {Q}, R¥) and
without loss of generality let p = 0. Let W = T, Zer(P,R¥) and V = T, (Zer(P U

{Q}, R¥), and we have V is subspace of W of codimension one. Since p is a non-

degenerate critical point of f restricted to Zer(PU{Q},RF), but not of Zer(P, R¥),

the linear form df vanishes on W, but not on V. Let u (resp. v) denote the

orthogonal projection of grad(Q)(p) (resp. grad(f)(p)) to V. Note that u,v # 0.

There are two cases to consider. We denote by (-, -) the standard inner product in

RF.

(a) (u,v) > 0: In this case following the notation in Definition 4, £~ = (), and it
follows from Definition 4 that the normal Morse data at p equals (p, (), and
hence the product of the tangential and the normal Morse data equals the
tangential Morse data in this case. Thus, in this case the change in b(S<.) as
c crosses f(p) is £1 as in ordinary Morse theory.

(b) (u,v) < 0. In this case the normal Morse data is homotopy equivalent to the
pair ([0, 1], {0}). Since the product (B*, 9B*) x ([0, 1], {0}) where X is the index
of the critical point of p, the Morse data is homotopy equivalent to (x,*). Thus
in this case there is no change in the homotopy type of the sublevel set S<. as
c crosses the critical value f(p) (using Theorem 34) as the pair that is being
added is contractible.

The theorem now follows from Theorems 33 and 34 just as in the case of usual
Morse theory. O

6.2.2. Summary of the ideas behind the proof of Theorem 32. For simplicity let
us assume that V = Zer({Py, P»},R¥) is bounded. The case of unbounded V'
introduces an additional complication which we ignore in this informal summary.
We replace V' by a closed bounded semi-algebraic subset S C R{eq, €2>k defined by
—g; < P; <¢g;,1=1,2. Then, S is semi-algebraically homotopy equivalent to V,
and moreover S is a topological manifold whose boundary is a union of basic closed
semi-algebraic sets, S, Sz, where S is defined by P? —£2 = 0A—e5 < Py < &9, and
Sy is defined by P§ —e3 = 0A —e; < P; < 1. Figure 2 gives a schematic diagram
of all these sets. Using Alexander duality, in order to bound b(S,F) it suffices to
bound b(9S,F) (see Lemma 6 below). Now, in order to bound b(S; U So,F) it
suffices to bound (using inequality (3.1)) b(S1,F), b(S2,F) as well as b(S; N Sz, F)
(see Lemma 7 below).

The techniques used for bounding each of the above quantities are distinct. We
bound b(S1,F) by first reducing the problem to bounding b(9S1,F) and bounding
b(Zer(P? — 1, R{eq, 2)"), F) using inequality (3.1), and then using Corollary 3 to
bound these quantities (see Proposition 15).
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FIGURE 2. An Illustrative figure in the plane.

In order to bound b(Ss,F), we observe that a generic linear functional has no
critical points in the relative interior of Sy (see Lemmas 8 and 9, and 10). Note
that this fact is not necessarily true for S;. This fact allows us to bound b(Ss, F) by
counting the critical points of the functional on its boundary strata using Theorem
35 (see Lemma 11). Finally, we bound the number of such critical points using
Proposition 5 (see Lemma 12). The number of such critical points also gives an
upper bound on b(S; N Sy, F) (Corollary 3).

6.2.3. Proof of Theorem 32. For the rest of this section we keep the same notation
as in Theorem 32.

Let Rg = R{eo),R1 = (€0,¢1), Ra = R{ep,€1,¢€2), and let Wy41 C R§+1 denote
the real variety defined by the polynomials Py, P> and Qk41 = €g Efill X?—1, and
Wi C RE the real variety defined by the polynomials Py, P, and Q = &g Zle XZ—
1.

It follows from [20, Corollary 9.3.7] (Local Conic Structure at infinity of semi-
algebraic sets) that, the intersection, W,j 1 (resp. W, ,) of Wiy with the closed
half-space defined by Xpi1 > 0 (resp. Xixi1 < 0) are each semi-algebraically
homeomorphic to V.

leﬂ UWi = Wiy,
W,:Zrl NWe,, = W
It now follows from inequality (3.3) that:

Proposition 14.

b(V,F) < 5 (b(Wi, F) + b(Wp41,F)) .

N |
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We now bound b(Wj+1,F) (the proof for the bound on b(Wj, F) is very similar).
Consider the closed and bounded semi-algebraic set, Wyy1 C Rg“ defined by
Qk+1 = 0, —&1 < P1 < €1, —€2 < PQ < £2. Let for ¢ = 1,2,

zt = Zer({Qri1, P + &}, RETY),
Z; = Zet({Qpi1, P — &}, RETY),
St = Ext(Zf,Ra) N Wi,

ST = Ext(Z7,R2)N Wk-&-h

S§ = ZF N Wiy,

Sy = Zy N Wi

Lemma 5. The semi-algebraic set Wk-u s semi-algebraically homotopy equivalent
to Ext(Wg11,R’). In particular,

b(Wk+17 IF) - b(Wk+17 IF)

Proof. Clearly V~Vk+1 is closed and bounded over R’, and lim,, Wk+1. The lemma,
now follows from [17, Lemma 16.17]. O

Lemma 6.
- 1 .
b(”k+laF) S§ b( _7l1l2 Szv]F)+1

Ue{+7_}

Proof. Let VT/,;H be the closure of the semi-algebraic set ¥ (0, 551/2) \Wiy1. Then,

Wit UWi, = 8%0,6,7),

Wi Wi, = U 55
i=1,2
O’E{+,7}

We also have that VV,; 41 is semi-algebraically homotopy equivalent to s* 0,9 1 2)\
W41, and hence by [43, page 296] (Alexander duality)

(6.4) b(Wii1,F) = bW/ 4, F)—1.
Also, using inequality (3.1) we have
(6.5) b(Wit1, F) +0(Wiy, F) < b( |J S7.F)+2
i=1,2
UG{J"#*}
The lemma now follows from (6.4) and (6.5). O

Lemma 7.

o | Ssrm< Y obSrE) 4+ > b(ST N ST ).

i=1,2 i=1,2 o1,026{+,—}
UE{+>_} ‘76{+’_}
Proof. Apply inequality (3.1). O
We need separate arguments to bound b(U,, ¢4,y 57", F) and b(U,, ey 527, F).

We first bound b(|J ST ).

o1e{+,—}
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Proposition 15.
k+1 2(k—1
o Uosem < a(")Da (26 b - 0 @)
2 3
o1€{+,—}
Proof. Using inequality (3.1) and Corollary 3 we have

o |J S7NF) < > (b(0STF) +b(Z]F))

o1€{+,—} ore{+,—}
= SobSENSLE) + > (27 F)
o1,026{+,—} ore{+,—}
1 1
< 8<k—§ )dldz(dg — 1)k_2 + 4(k;— )dl(d1 — 1)k_1
1 2k —1
= 4(]“;r >d1 <(]“3)czz(d2 — k2 4 (d;, — 1)’f—1> .

O

Next we bound b(|J S92, F) as follows.

ooe{+,—}
Lemma 8. There exists a linear functional F : R’f+1 — R, such that the set of
critical points of F restricted to Zli has an empty intersection with Zer(Ps, R’f“).
Proof. The semi-algebraic subset T' C Gryy1 x(R) defined by,
+
T := Ua:ertﬂZer(Pz,R”kJrl){H S GI‘kJrl’k(R) | H D> TzZI }
is of co-dimension at least 1 in Gry41 x(R). Thus, the complement of T" in Gry41 1 (R)
contains an open dense set. (Il
Lemma 9. There exists an open dense subset of linear functionals F : Rg“ — Ro,

such that the set of critical points of F restricted to Ext(Zli,Rg) has an empty
intersection with ST .

Proof. Follows from Lemma 8 and the fact that ST is bounded over Ry, and e is
infinitesimal with respect to R;. O

Lemma 10. There exists an open dense subset of linear functionals F : RS‘H —
Ro, such that the critical points of F restricted to EXt(Zli,Rg) N ZQi are non-
degenerate.

Proof. The lemma can be deduced as a special case of [6, Theorem 2]. (]

Lemma 11. Let F be a linear functional satisfying the hypothesis of Lemmas 9
and 10. Then, for o € {+,—}, b(SY7,F) is bounded by the number of critical points
of F restricted to Ext(Z{,Ry) N Z; .

Proof. Follows from Theorem 35. ]

Lemma 12. Let F be a linear functional satisfying the hypothesis of Lemmas 9
and 10 below. Then, for o € {+,—}, b(S7,F) the number of critical points of F
restricted to Ext(Z{,Rq) N ZF is bounded by

8 <k ; 1) dyds(dy — 1)F2.
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Proof. For d,k >0, let Ay C QF denote the simplex defined as the convex hull of
(d,0,...,0),...,(0,...,0,d),0. For 01,09 € {4, —}, the set of critical points of F
restricted to Ext(Z9,Ra) N ZQi satisfies the following system of equations:

(6.6) Qr+1 0,
P1 — 011 = 0,
Py — 0969 0,
0Qr 41 0Qk+1 0P, 0P,
A A A = 0
ox, TV ax, TMax, TMax, 7
) ) aP oP,
Qr+1 Y Qr+1 W L _ o

0Xk41 0Xj11 0Xj41 0Xk41

Using Proposition 5 we obtain that the number of solutions of the system (6.6)
is bounded by

MV (Ag k41, Ady k+1, Dy ht1, Ddp—1,5+1 + D13, Agy—1 k1 + A1 3)

k+1
k+1
< 3 MV (A2 k415 Ady k15 Adg k15 Ddy— 1,k 415 - -+ Ddy—1,k4+1, A1,3, - -, A13)
k—2 3
k+1
— ( —3# >2d1d2(d2 —1)k=2
Hence, the number of critical points of F' restricted to Ext(Z{,Rq)N Z2jE is bounded
by
k+1 kE+1
4( ; >2d1d2(d2 k2= 8( ; >d1d2(d2 _ k2,
O
In particular, we obtain as an immediate corollary that
Corollary 3.
kE+1
> (ST NSgEF) < 8( ;L )dldg(dg —1)k2,
o1,02€{+,—}
Proposition 16.
k+1
o | s F) < 8( ;L >d1d2(d2 _1)R2,
o2€{+,—}
Proof. Follows from Lemmas 8, 9, 10, 11 and 12. O

Proposition 17.

b(Wi1,F) < Q(k —2|— 1) dy <(d1 - 1)](1 + @dg(dz — 1)]“2) +1,

bW, F) < 2(];) d ((d1 — 1)k 24 @dg(@ - 1)k3) + 1.
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Proof. The inequality for b(Wyy1,F) follows from Lemmas 6, 7, Corollary 3, and
Propositions 15 and 16. The proof of the inequality involving b(Wy,F) follows
the same steps as in the proof for b(Wy1,F) replacing k by k£ — 1. We omit the
steps. [

Proof of Theorem 32. The theorem follows from Propositions 14 and 17. O
6.3. The semi-algebraic case: Proof of Theorem 31.

Proof of Theorem 31. The proof is by following the proof of Proposition 7.30 in
[17] using Theorem 32 to bound the Betti numbers of the algebraic sets that arise
instead of Theorem 1. (]

7. OPEN PROBLEMS AND FUTURE DIRECTIONS

In this section we list some of the open problems and conjectures that could
serve as future directions for research in this area.

1. It is an interesting open question to generalize the bounds proved in §2 to the case
of complex varieties, as well as constructible subsets of C*, defined by polynomial
systems having similar degree sequences. Omne could apply the results in the
current paper, treating constructible subsets of CF, as special cases of semi-
algebraic subsets of R?*, but this would lead to non-optimal upper bounds. On
the other hand, the perturbation techniques, that allowed us to reduce to the
case of non-degenerate complete intersections, used throughout this paper does
not apply to the complex case.

2. Another open problem is to prove Conjecture 1 in its full generality.
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8. APPENDIX

8.1. Betti numbers of generic complex projective and affine complete
intersection varieties via Chern class computation. The Betti numbers of
projective varieties which are non-singular complete intersections can be expressed
in terms of the degree sequence defining them (see for example [24, §5.7.2-3]) us-
ing a Chern class computation and Proposition 4. More precisely, suppose that
V = Zer(P,P%) is a non-singular complete intersection, where P = {P,..., P},
deg(P;) = d;,1 < i < . We denote by Ty the tangent bundle of V, and by ¢(7v)
the Chern class of 7y. The following formula which is classical (see for example
24, §5.7.2-3]) expresses ¢(Ty) in terms of the of the restriction, ¢y € H*(V,Z), of
the hyperplane class of IE”’(% to V.
k+1

(5.1) o(Ty) = =LtV
Hj:l(l +diCv)

The Euler class of Ty is the top Chern class ¢x—¢(7yv ), and the Euler-Poincaré
characteristic of V' equals the Euler number of 7y and is then given by:

V.zZ) = /V coe(Ty).

Moreover, it follows from the fact that the cohomology of V is torsion-free that

x(V,Zs) = x(V.Z)
(8.2) = /Vckfg(Tv).



50 SAUGATA BASU AND ANTHONY RIZZIE

It follows from Eqn. (8.1) that the coefficient, Ny ¢.q, of ("}‘e is given by:

k—¢
i [k+1
Nk"7£1d = ZO(_I)]C ¢ ! ( i ) hk l— Z(dlv"'7d)7
where h;(di,...,d;) is the complete homogeneous symmetric polynomial of degree
jind=(dy,...,de) (cf. Eqn. (3.17)).
Since,
_ k—t

ck—t(Tv) = Nrea -Gy

and

[t = dea(c ) = dy--d.
it follows from Eqn. (8.2) that

x(V,Z2) = Niga- /C
(8.3) = Niga-di-do--dy.

It now follows from Eqns. (8.2) and (8.3) that,

k—4
i (k41
x(V,Zs) = dl-d2~-~dg-< (—1)~¢ ( ; >~hk¢i(d1,...,dg)>
1=0
k—2
4 k+1
_ . . —1) . hs
o | (5ot mtanedo
Finally using Eqn. (3.12) we have
b(V,Zo) = (14 (=) Y. (k—r+1)+
k—/¢
C (k+1
dl‘dZ"'dl'< (—]_)’L < ; ) hk /— l(ch,...,dg))
1=0
= 1+ (k—e+1)+
k—4
A k+1
di - do---dy- 1’“4%( >~h-d,...,d
1-dy---dy j:O( ) it i(d1 0)

The above calculations yield via Lefschetz duality formulas for the Euler-Poincaré
characteristics (and hence the Betti numbers) of generic complex affine complex
intersection varieties as well. More precisely, if V' = Zer(P,C¥) is a non-singular
complete intersection, where P = {Py,..., P}, deg(P;) = d;,;1 < i < £. Let
Ph = {P},..., P!} denote the homogenization of P, and V = Zer(P",PL), and
W =V N Hy, where Hy is the hyperplane at infinity defined by X = 0.
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Then, V =V — W, and using Lefschetz duality (see for example [43, Page 297,
Theorem 19]), we have

x(V.Zy) = x(V,Z3) — x(W,Zs)
k—¢
, kE+1
= dy-dy---dg j:o( )j'(j+£+1> i(dy, ... dp)

i j+l+1
k—t
. k+1 k
— ol _1)J _ .
dy-dg---dy ;( 1) (<j+€+1> <j+€+1>)h](d1,...,d¢)

k—t—1 ' i
= dy-dy---dy Z(—l)a.(j+€)h]( 1y, dg)

7=0

(cf. Equ. (3.16)).

8.2. Proofs omitted in the main text. We include in this section proofs of
several theorems and propositions which were omitted in the main text.

Proof of Theorem 22. The only difficulty in applying inequality (3.4) is that in

general an affine sub-variety of C¥ will not bounded. In order to apply inequality

(3.4) we need to reduce to the closed and bounded case which we do as follows.
Let for 7 > 0, Ba(r) C C* be defined by

Bo(r) = {(x1 +iy1, - mp +iye) € CF | ol [ys] <71 <i < kY,
and denote by Bgr(r) = Bc(r) N RF.
Then, Zer(Q,CF) N Bg(r) is closed and bounded, and using [20, Corollary
9.3.7] (Local Conic Structure at infinity of semi-algebraic sets), we have that for

all r > 0 and large enough, Zer(Q, C*¥) N Bg(r) is semi-algebraically homeomor-
phic to Zer(Q, C*), and Zer(Q, R¥) N Bgr(r) is semi-algebraically homeomorphic to

Zer(Q,RF).
The complex conjugation restricts to an involution of Bg(r) with fixed points
Bgr(r). Now apply inequality (3.4). O

Proof of Proposition 6. First observe that Zer(P, C¥) is either 0-dimensional, or is
smooth and connected in case k > 1 (since Zer(P,C¥) is a non-singular projective
hypersurface of dimension k& — 1 minus a sub-variety of strictly smaller dimension).
Using Theorem 24 we obtain

u i
.z = Y ()i
= \J j!
Mk o
- 1 (§)erg
j=0
= 1-(1-d)"*

= 1+ (=D Yd-1)*
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This implies using Proposition 3 that

b(Zer(P,C*), Zs) 14 (=1)* Y (x(Zer(P,CF), Zs) — 1)
= 14 (=1 + (=1)*1x(Zer(P,C*), Zy)

14 (d—1)~.

This proves Eqn.(3.14).
Finally, inequality (3.15) follows from Eqn. (3.14) and Theorem 22 (Smith in-
equality). O

Proof of Proposition 7. Let V' = Zer(P,C*). First observe that either V is 0-
dimensional (in case k = ¢) or is non-singular and connected (if k£ > ¢) since in the
latter case V' is equal to a non-singular complete intersection variety in a product
of projective varieties minus a sub-variety of strictly smaller dimension.

Using Theorem 24 we have

k
X(‘/,ZQ) = Z(_l)J+€(k)d1 ceedy Z d{l d%e

CJ1efe20
it tie=i—L

Il

a

kS

a

~
[~

(—1)t¢ <’;> hj_o(dy, ... dp)

j=¢
k—¢ k
4 = di---dg- —1)J hi(dy,...,d
(5.4 vy jz‘g()(j”)](l, )
Eqns. (8.4) and Proposition 3 imply that
b(V,Zo) = 1+ (=1)"“(x(Zer(P,C"), Zs) — 1)

= 1+ (=1 4 (1) X (Zer(P, CY), Zo)

k—¢
Ok
= 14 (=D pdy e d, Z(—l)’“_eﬂ(jJrg)hj(dlw--adé)
=0

(recovering the same result proved in §8.1 using Chern class computations).
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Now assume that d; =

x(V, Zs)

This implies

IX(V, Zs)|

IN

whence using Proposition 3

b(V,Z2)

<

This proves Eqn.

k

Z(_l)jH

-+ =dy =d. Tt follows from (8.4) that

()G

k! (j—1)!

14+ (—-1)k

=G - 0= 1]

(7))
S -1y (’“ - 6)

()

ditt
j+e

ditt
j+e

_Z(X(Vv ZQ) - 1)
1+ (_1)k7€+1 + (_ )lcfé

(V. Z2)
k

J

14 (=)=t 4 (E— 1>(d’“+k 1).

(3.16) and inequality (3.18).

follow from Eqn. (3.16), inequality (3.18), and Theorem 22 (Smith inequality).

Proof of Proposition 8. It follows from Theorem 24 that

k

x(V, Z) 17+

JZZ

kil

o [P

0<j:<k; 1<z<p

Jit-- +]p =Jj

k!
(k—=0)1(¢—1)!

(k. j,d,0),

Il

i=1

(1))

53

Inequalities (3.20) and (3.21),

O
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wherek = (k1,...,kp), § = (j1,.-,4p), d = (di,....dp), and F(k,j,d,¢) is defined
as

k : . 2
Z (*1)]4’4 Z ( i ) ( k*g >djll djp
- ] jl7"'7jp kl_.jl7"'7kp_jp7j_€ P

J=t Jis--dp
O<]l<k:“1<l<p
Jit+ip=3j

We now bound |F'(k,j,d, )| as follows. |F(k,j,d,¢)| is bounded by

IN
—= 1=~
=9
o 3
N——
—~
—_
+
=
~—
E
+
~
—~
—_
+
S
~—
&

s
Il
—

i=1 7=0
_ ﬁ dki (1 +p)k+f (1 + p)z(k7£+1) -1
i=1 ' (1 + p)2 -
(1 p)Skferl o dkp
plp+2) P

This implies that

k k *1(1+p)3k4+1 . N
\ '/ < VUk—-(+1 —dyt - d
vzl < dk-een(p)(y) o
k k *1(1 +p)3k—l+1 "
< k—7¢ 22 7(11...(1/%
< (b=f42) <€—1><k> plp+2) 1P

and also (using Eqn. (3.11))

- k) (k) (1 +p)Phtt
< 1\E—t+1 . 2 ki oL gk
b(V,Zs) < 14(-1) +(k—0+2) (€_1> <k> 1) dy d,

This proves inequality (3.24). Inequality (3.25) follows from inequality (3.24) and
Theorem 22 (Smith inequality). O

Proof of Proposition 9. First observe that Zer(P, C*) is non-singular and connected
for £ > 1, and is O-dimensional if £ = 1. Using Theorem 24

k
x(Zer(P,C*), Z 17+t Z gld’.

j=1 JC[1,k]
card(J)=5<k
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Now using Eqn. (3.11) we get
b(Zer(P,C"),Zs) = 14 (=1)" ' (x(Va,Z2) - 1)
= 1+ (D" + (=D X (Vi Z2)

k
= 1+ (D (DY Y

j=1 JC[1,k]
card(J)=5<k

k

L+ (=D + [ D=0 > jld?
j=1 JC[L,k]
card(J)=j<k

This proves inequality (3.26). Inequality (3.27) now follows from Eqn. (3.26) and
Theorem 22 (Smith inequality). d

Proof of Proposition 10. Tt follows from Theorem 24 that |x(Zer(P,CF),Zs)| is

k jl—1
< E E 0—1 max max[ “ Il dij |,
— _ 1,k
=t re(t) oo @hn () | 1<ice

So we have that

8.5) |x(Zer(P,CF),Zsy)| < O(0)* max max || di
(8:5)  |x(Zerx( ), Z2)| (0) (e mt) €2y (it () | A1, irj
art-tap=k jeT;

Therefore, combining inequality (8.5) and Proposition 3, we have that

b(Zer(P,C*),Zy) = 1+ (=D 4 (=) x(Zex(P, CF), Zo)
(8.6) < Ok max max d;
a:(al,...,az)EZ@O (Jh,,,,Jz)e([l&k]) 11:[<Z I

ar+-+apg=k jeT;

This proves inequality (3.28). The inequality in the case P has coefficients in R
follows from inequality (3.28) and Theorem 22 (Smith inequality). O

Proof of Proposition 12. Using Theorem 24 we obtain that x(Zer(P, C¥), Zs) equals

i - .
Z(_l)j+e Z (kl) <k2> (‘2 - 1) (j )dlejz +1
3=0 0 <k p<iachs M1/ N2/ NEZ 1A

Jitj2=j
al (k) [ (42 [+ e — 1\ [k :
= > (1)J1+4< .1>djl S <Jl ‘ Jz> (]1 J2 > < '2> (=2 | +1.
oy’ J1 =\ 2 -1 J2
We now bound from above the quantity |F(j1, k2)|, where F (41, k2) is defined by

F(ji,ka) = ﬁ: (‘71 +j2> (jl ree 1) (’”)(—2)]’2.

Jj2=0 J2 J2
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First notice that F(ji, k2) equals, setting 8 = B(j1,¢) = m,
k2 , k 4
B G+ o) (1 + o — 1)H< '2) (=2)”
Jj2=0 J2
- djl ; d£—1 1 k.
= B _dlex <dﬂ1(x7 (1+2)™) .
[Jr /. L—14j1—i
J i i d j1—
= B> (;)Mz (W@“ 1(1+x)’“2)>]
Li=0 r=—2
[ J1 . o
= B> (J?)W‘i (Z (‘;j) (1 = DMk (1 x)kz-w—’”)]
i
Li=0 h=0 o=—2

where @ = a({,71,i1) = £ — 1+ j; — i, and we have used the “falling factorial”
notation

=ttt —1)--(t—n+1),

for all real ¢t and integer n.
Continuing, we have F(ji, ka) equals

5 [; () () atia e (; )00 <w<x>>h>] o

where w(z) =1+ 1.
This implies that

Flu k)| < 5; (J'il) (f)a!im@ <§ (abh) (jl;: 1))

IN

=
KME‘
s
SN~—
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We obtain

k1
IX(VZer(P,C*),Zy)| < 1+ <k,1

IA IN
— —
- +
~
=
. I =
. ”M - O
e TN S~—
S, o
=
N———
E
)
—
o,
Py
~
N~—
N
- S
N———
N
SN
N——
[\
Q
7N
ol
)
_|_
R =
|
—
N———

IA
—
+
~

k1 k ) )
1

IN

-

R
]

k1
k ) .
= 1+02%k +k) T <j1>dh (2(ky1 + ko))"
71=0 1

1+ 02°(ky + ko) =1 (2d(Ky + ko) + 1P

Now using Eqn. (3.11) we get

b(Zer(P,CF),Zs) = 24 (=) (x(Vi,Z2) — 1)
<24 (=P 028 (g 4 ko) T (2d (R + ko) + 1)

which proves inequality (3.30). The inequality in the real case follows from inequal-
ity (3.30) and Theorem 22 (Smith inequality). O

Proof of Proposition 13. First observe that either Zer(P,C*) is 0 dimensional (in
case k = /), or Zer(P,C*) is non-singular and connected (in case k > ¢). We

denote by d = H;“:l d; and for a subset J1 C [1, k1], = HjeJl d;. Then, using
Theorem 24, x(Zer(P, C*), Zy) equals (setting e(j, £) = (—1)7+¢)

K . .
, J=1\jl=n_;,
E €(4,0) E (6— 1) Ed Py

=L J=J1UJs
Card(Jl):jl5k]t7CaI:d(J2):j2Sk2
J=Jj1+7j2
i J itz — 1\ (J1 + j2)!
_ ; 71 1)\ o Y]
- S X X e (M)
Jj1=0 J1C[1,k1] J2C[1,k2]
card(J1)=j1 card(Ja)=j2
o P it g2 — 1\ (1 + g2\ [k
_ Z e(j1,0) Z " Z(_l)m (Jl J2 ) (Jl . ]2) ( '2>232 +1.
— L (-1 J2 J2
Ji= J1C[1,k1] Jj2=0

card(Jy)=j1



58 SAUGATA BASU AND ANTHONY RIZZIE

Note that the last sum is the same function F'(j1, k2) as in Proposition 12. Applying
the same bound, we have |x(Zer(P, C*),Zs)| is bounded by

k1
.5 .
1+ Z Z jlld 1|F(]17I€2)|

J1=0 J1C[1,k1]
card(J1)=j1

k1
< Lk R) Y Rk Ry S d”
j1=0 J1Cl1,k1]
card(J1)=j1
k1 k
< 1+ £2Z(/€1 + ]ﬂg)l_l Z jl'(2(k1 + kg))jl ( ,1>d1 s dkl
j1=0 J1
k1 k
< L L2 (ke + ko) T dy gy, Y <j1> (2(ky + ko))
j1=0 1

= 1402 (ky + ko) T ((2(ky + ko) + 1)Frdy - - - dy, .
Therefore, using Proposition 3, we have b(Zer(P, C*), Zy) equals
14 (—=1)F“(x(Zex(P,C"), Zy) — 1)
< 24 (=D)FT 020k (Ry A R2) T2k + K2) 4+ 1)y - d,

This proves inequality (3.39). The inequality in the real case follows from inequality
(3.39) and Theorem 22 (Smith inequality). O
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