Discriminant of system of equations

A. Esterov*

What polynomial in the coefficients of a system of algebraic equations
should be called its discriminant? We prove a package of facts that pro-
vide a possible answer. Let us call a system typical, if the homeomorphic
type of its set of solutions does not change as we perturb its (non-zero)
coefficients. The set of all atypical systems turns out to be a hypersurface
in the space of all systems of £ equations in n > k — 1 variables, whose
monomials are contained in k given finite sets. This hypersurface B is the
union of two well-known strata: the set of all systems that have a singular
solution (this stratum is conventionally called the discriminant) and the set
of all systems, whose principal part is degenerate (they can be regarded as
systems with a singular solution at infinity). None of these two strata is
a hypersurface in general, and codimensions of their components have not
been fully understood yet (e.g. dual defect toric varieties are not classified),
so the purity of dimension of their union seems somewhat surprising. We
deduce it from a similar tropical purity fact of independent interest: the
stable intersection of a tropical fan with a boundary of a polytope in the
ambient space has pure codimension one in this tropical fan.

A generic system of equations in an irreducible component B; of the hyper-
surface B always differs from a typical system by the Euler characteristic
of its set of solutions. Regarding the difference of these two Euler charac-
teristics as the multiplicity of B;, we turn B into an effective divisor, whose
equation we call the Euler discriminant of a system of equations by the
following reasons. Firstly, it vanishes exactly at those systems that have a
singular solution (possibly at infinity). Secondly, despite its topological def-
inition, it admits a simple linear-algebraic formula for its computation, and
a positive formula for its Newton polytope. Thirdly, it interpolates many
classical objects and inherits many of their nice properties: for k =n + 1,
it is the sparse resultant (defined by vanishing on consistent systems of
equations); for & = 1, it is the principal A-determinant (defined as the
sparse resultant of the polynomial and its partial derivatives); as we spe-
cialize the indeterminate coefficients of our system to be polynomials of
a new parameter, the Euler discriminant turns out to be preserved under
this base change, similarly to discriminants of deformations. This allows,
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for example, to specialize our results to generic polynomial maps: the bifur-
cation set of a dominant polynomial map, whose components are generic
linear combinations of given monomials, is always a hypersurface, and a
generic atypical fiber of such a map differs from a typical one by its Euler

characteristic.
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1 Introduction

1.1 Degenerate systems

For a finite set H C Z", we study the space C[H| of all Laurent polynomials h(x) =
> acH Ca®”, where 2¢ stands for the monomial 27" ...z, the coefficient ¢, is a complex
number, and the polynomial h is considered as a function (C\ 0)" — C. For a linear
function v : Z" — Z, denote the intersection of H with the boundary of the affine
half-space H + {v < 0} by H", and the highest v-degree component cox® by h¥
(if v = 0, then we set H® = H and h° = h).

In what follows, we denote a collection of finite sets Ag,..., A, in Z™ by A, the
space C[Ao] & ... ® C[A,] by C[A], consider its element f = (fo,..., fr) € C[A] as a
map (C\ 0)" — CF1 and denote (fF,..., f¥) by f°.

a€eHY

THEOREM 1.1. Assume that Ag+. ..+ Ay is not contained in an affine hyperplane.
The following three conditions are equivalent for the system of equations f = 0:
1) There exists an arbitrarily small f € C[A], such that the sets {f = 0} and {f+f = 0}
are not diffeomorphic.
2) There exists an arbitrarily small f € C[A], such that the sets {f = 0} and { f+f = 0}
have different Euler characteristic.
3) There ezists a linear function v : Z" — Z such that the differentials dfg, ..., df} are
linearly dependent at some point of the set { f* = 0}.



This and subsequent theorems of the introduction are proved in Section ??7. The
assumption on Ay + ...+ A, cannot be dropped, because, otherwise, the Euler char-
acteristic of {f = 0} equals 0 for every f € C[A] by homogeneity considerations.

DEFINITION 1.2. A system f € C[A] is said to be degenerate, if it satisfies any
of the three conditions above.

Condition 3 was introduced in [?] for £ = 0 and in [?] for arbitrary £ in a slightly
different from: for example, if £ = 0, then the (convex hull of) A is assumed to be the
Newton polytope of f in the setting of [?], while, in our setting, the Newton polytope
of f is contained in A, and f is degenerate if its Newton polytope is strictly smaller
than A.

Condition 2 will play the role of tameness on a complex torus for our purpose (cf.
the definition in [?]), although it is not equivalent to tameness at all. Its similarity to
tameness admits further development: e. g. for non-degenerate f and a generic local
system L on (C\ 0)", so that H((C\ 0)", L) = 0, the twisted homology H({f = 0}, L)
vanish except for the middle dimension.

For example, if &k = n, then B is the resultant set (i.e. the set of all consistent
systems of equations in C[A], see [?]); if Ag = ... = Ay is the set of vertices of the stan-
dard n-dimensional simplex, then fy,..., fr are linear, and B is defined by vanishing
of the product of the maximal minors for the matrix of coefficients of fy, ..., fx.

DEFINITION 1.3. The collection A is said to be relevant, if the dimension of the
convex hull of A;) + ...+ A; is at least p for every sequence 0 < iy < ... <1, <k,
and equals n for p = k.

THEOREM 1.4. If A is relevant, then the set B of all degenerate systems in C[A]
s a non-empty hypersurface.

The assumption of relevance cannot be dropped, because, otherwise, the set of
consistent systems has codimension greater than 1 (see [?]).

The similar question of whether the A-discriminant {f € C[A] | f = 0 is not regular}
is a hypersurface is well known for £ = 0 as the problem of classification of dual defect
polytopes, and is still open (see [?], [?], [?], [?], [?], etc). Moreover, for k > 0, the
A-discriminant may be not of pure dimension: e.g. for Ay = {0,1} x {0,1} and

A; = {0,1,2} x {0}, there is a codimension 1 component, to which f = (a + bz +
cy + dxy, r(r — p)2> belongs, and a codimension 2 component, to which f = <a(:r —
b)(y —¢), r(z — b)(z — p)) belongs. “Fortunately”, the latter one is swallowed up by
the codimension 1 stratum of B, to which f = (a(m —b)(y—c)+d, r(z—b)(zr— p))

belongs because of its singularity at infinity. The generic configuration of fo = 0 (in
solid lines) and f; = 0 (in dotted lines) is shown on the picture below, followed by the
configurations of the three mentioned degenerations.



Lol patatat et @ PR

If, instead of degenerate Laurent polynomials on (C \ 0)" we study degenerate
polynomials on C" (i. e. polynomials f € C[A] such that {x € C"| f(z) = 0} is not
homeomorphic to {z € C"*| f(x) = 0} for a close f € C[A]), then the set B may be
of higher codimension, as it happens for n = 2, £k = 0, A = {(0,0),(0,1),(1,0)}, and
it would be interesting to classify all such exceptional collections Ay, ..., Ay in ZZ,
containing 0.

1.2 Euler discriminant

For f € C[A] \ B and generic f in an Jirreducible component B; C B, denote the
difference of the Euler characteristics e{f =0} —e{f = 0} by e;.

ProprosITION 1.5. If A is relevant, then e; > 0 for n — k even and e; < 0 for
n —k odd.

For the proof, see Corollary ?7.

DEFINITION 1.6. If A is relevant, then the equation of the effective divisor

.....

By Proposition ??, E4 is a non-constant polynomial on C[A], defined up to multi-
plication by a non-zero constant. By Theorem 77, the equation F4 = 0 describes all
degenerate systems of equations in C[A]. It can be computed as follows.

Recall that, for a finite subset H in an affine hyperplane of Z™, the H-sparse resul-
tant R7¢? is the unique (up to multiplication by a constant) polynomial on &™C[H],
vanishing at all points (hq, ..., h,) € @"C[H], such that the (quasihomogeneous) sys-

tem hy = ... = hy,, = 0 has a solution in (C\ 0)™ (see [?] for details). The H-principal
determinant E%¢? is defined at f € C[H] as Rﬁd(xlg—jl, . ,xm%), where x1,...,Tp
are the standard coordinates on (C\ 0)™ (see [?] for details).

Let Ao, ..., \x be the standard coordinates on C**!1, and let ey, ..., e, be the stan-

dard basis in the lattice Z**1. For every I C {0,...,k}, denote the lattice with the
generators {e; |i € I} by Z', the Cayley configuration | J, . {e;} x A; C Z' x Z" by Ay,
and the polynomial ., A; f; € C[A;] by f;.

THEOREM 1.7. We have

e _yk+i— 1) | 2l xz
Ea(f) = H EAId(fI)( ) % ;

where the product is taken over all I such that A; generates an (n + |I|)-dimensional
lattice.



This reduces the computation of the Euler discriminant to the computation of sparse
resultants or principal determinants, which are well studied (see e.g. [?] and [?]). In
particular, if & = n, then E is the sparse resultant, and for k& = 0 it coincides with
the A-principal determinant. Similarly to these special cases, the Newton polytope of
the Euler discriminant admits the following simple description.

1.3 Degree of Euler discriminant

Recall that a coherent triangulation 7' of a finite subset H C Z~ is a set of N-
dimensional simplices, such that

1) their vertices are contained in H,

2) the union of them is the convex hull of H,

3) the intersection of any two of them is their common face (maybe empty),

4) they are the domains of linearity of a convex piecewise-linear function (this
property is called coherence or convezity).

Coefficients of polynomials in C[A] form a natural coordinate system (c,.i)ac4;, i=o...k
on it, so that ¢, ;(f) is the coefficient of the monomial 2 in the i-th polynomial of the
tuple f € C[A]. For a simplex S with vertices in Ay}, let cg be the product of all
Ca,is Such that (e;,a) is a vertex of S, and, for every j # i, the set {e;} x Z™ contains
more than one vertex of S.

PROPOSITION 1.8. The set of monomuals

{H e | T is a coherent triangulation of Afo,.11}
Ser

is the set of vertices for the Newton polytope of the A-Euler discriminant E4 (the
Newton polytope is in the natural coordinate system (cq;), and Vol stands for the integer
volume, normalized by the condition Vol(standard simplex) = 1).

This follows from the description of the Newton polytope of the Euler discriminant
(Theorem ?7.3) and of the vertices of a mixed fiber polytope (Theorem 3.19 in [?]).

In particular, the degree of the Euler discriminant is as follows (the same formula
can be deduced from Theorem ??, which reduces it to the known special case of A-
principal determinants).

Recall that the mized volume of finite sets By,...,B, in R™ is the symmetric
function, taking values at R, additive with respect to the Minkowski summation
P+Q={p+q|pe€ P, qec Q}, and equal to the volume of the convex hull conv B for
By, =...= B, = B. We denote it by the monomial By -...- B,. In the same way, the
mized moment of finite sets By, ..., B, in R" is the symmetric function, taking values
at R", additive with respect to the Minkowski summation, and equal to the moment
fCOHVBmda: for By = ... = B, = B. We denote it by the monomial By -...- B,. As
usual, the formal derivative %O(Bgo -...- B™) is defined as agBy° ' - B{* - ... B,

COROLLARY 1.9. 1) As a polynomial of the variables c,;, a € A;, for a given i,
the A-Fuler discriminant is homogeneous of degree

0
deg A= S A A
n,0 814, 0 k
(ag,.. ak)GNk+1,
ag+t...tap=n+1
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2) For a linear function v : Z" — Z, define the v-quasidegree of the variable c,; as
v(a). Then the A-Euler discriminant is v-quasithomogeneous of degree

deg, , A= > A A
(ag,-- ak)GNk+1,
apg+t...tap=n+1
3) Every quasihomogeneity of the A-Euler discriminant is a linear combination of
the homogeneities, described in (1) and (2).

Proposition 7?7 implies that the Newton polytope of the Euler discriminant is the
mixed secondary polytope of A in the sense of the following definition (well known for
k=0).

DEFINITION 1.10. For a coherent triangulation T of finite sets Ay, ..., A in R™,
let T}, be the sum of the integer volumes of all simplices S € T, such that (e;, a) is a
vertex of S and, for every j # 4, the set {e;} x Z" contains more than one vertex of
S. The convex hull of the set of points with coordinates (7;,), ¢ =0,...,k, a € A;, in
the lattice Z4° @ ... @® Z4, as T runs over all coherent triangulations of Ay, ..., A, is
called the mized secondary polytope of Ay, ..., A and is denoted by Sg4.

Note that, denoting the vertices of S in {e;} x R" by s, ..., s, , we have ng+...+

n, = n, and the volume of S equals the determinant of the n x n matrix, whose rows
are sz-—sf) fort=0,...,kand j=1,...,n;.

1.4 Factorization of Euler discriminant

Let us describe the prime factorization of the Euler discriminant £4. We denote the
Gelfand-Kapranov-Zelevinsky Ayg . ry-discriminant (which is the equation of the set
{F|F =0 is not regular} C C[A{o,. x], see [?]) by As. (This notation agrees with
the one for mixed discriminants in [?], see Theorem 2.1 therein.) The polynomial
A4 is prime, and Theorem ??7 and Corollary 77 give the following decomposition of
the Euler discriminant into such polynomials. A collection I' of non-empty subsets
Iy C Ay, i€l cCH{0,...,k}, is called a facing of A, if I'; C Z! x Z™ equals Al for
by fr, and the index of the lattice, generated by the pairwise differences of the pdiﬁts
of F], by ir.

ProrosiTION 1.11. We have

Ea(f) =[] Ar(fr)ms,

r

where T' runs over all facings of A, and cY is the Milnor number of A at T (see
Definition 77).

Passing to the Newton polytopes of both sides of this equality, we obtain the fol-
lowing representation for the mixed secondary polytope:

Sy = Z ipcg - (Newton polytope of Ay4), (%)
r



where the summation is the Minkowski summation P+ Q = {p+q|p € P, q € Q}
and the multiplication is the dilatation. Since the mixed secondary polytope is defined
combinatorially, while the Newton polytope of A4 is not, the inverse of this formula is
more useful. For I" and B running over all facings of A, let (e}) be the inverse to the
matrix (ircl), where by convention ci = 0 unless I is a facing of B. Note that the

matrix (ipck) is upper triangular, nondegenerate and quite sparse (see Corollary ?7?).

DEFINITION 1.12. The number €}, is called the Euler obstruction of A at T.

If £ = 0, then it is indeed the Euler obstruction of the A-toric variety at a point
of its T-orbit, see [?] or [?] for a precise statement. Inverting the system of linear
equations (x) for all A and I', we obtain the following.

COROLLARY 1.13. The Newton polytope of A4 equals

Zeg . S[‘.

T

This formula specialzes to the Gelfand-Kapranov-Zelevinsky formula for the Newton
polytope of the A-discriminant (if £ = 0, [?], [?]), to similar formulas for the Newton
polytopes of the A-resultant (if £ = n, [?]) and the mixed discriminant (if &k = n — 1,
[?]), and for the degree of the classical discriminant in terms of the degree of f; (if
A; are multiples of the standard simplex, see [?] or [?]). Note that the formula is
not positive, because Euler obstructions may be negative; see [?] for a discussion of
Minkowski subtraction of polytopes in this context, and see [?] and [?] for a positive
formula, based on a very different idea.

In particular, the degree of A4 can be computed by Corollary 77 as follows. For a
facing I', we denote the dimension of the convex hull of > I'; by dimr.

COROLLARY 1.14. 1) As a polynomial of the coefficients of f;, the discriminant
Aa(fo,---, fr) is homogeneous of degree

Z el - deggimi I,

T

where the summation is taken over all facings I' of A, whose elements are indexed by
a set, containing i.

2) For a linear function v : Z" — Z, the polynomial A4 is v-quasihomogeneous of
degree

> - deggm,, I
r

where the summation is taken over all facings I of A.

See Corollary 77 for the meaning of deg. ;, deg. , and v-quasihomogeneity.

Note that, for some A, there exist quasihomogeneities of A4 that are not linear
combinations of the ones listed above. It would be a step towards the classification of

dual defect collections A to classify those with “many” additional quasihomogeneities
of Ay (or D¢ introduced in [?]).



1.5 Relation to bifurcation sets

We prove the formulated results in a more general setting that also covers a number
of other noteworthy special cases. Namely, we assume the coefficients ¢,; of each
polynomial fij(x) =" . A, Ca,ix" to be not independent variables, but polynomials on
a parameter space M. We consider two different cases.

I (LAURENT POLYNOMIALS). We have M = (C\ 0)™, pick a finite set H,; C Z™ for
every a € A;, and consider ¢,; € C[H, ;| as a function on M.

IT (POLYNOMIALS). We have M = C™, pick a finite set H,; C ZZ,, 0 € H,, for every
a € A;, and consider ¢,; € C[H,;] as a function on M.

In both cases, we denote the union .4 {a} x Ho; C Z" ® Z™ by H;, so that
fi € C[H;] is a function on (C\ 0)" x M. As before, we abbreviate the collection
Hy,...,Hy to H, and the vector polynomial (fy,...,fx) to f. Seeing f(x,t) as a
vector function of x € (C\ 0)" with fixed ¢t € M, we consider it as an element of C[A]
and denote it by F'(t), so that F' is a polynomial map M — C[A].

We study the projection 7 of the set Q@ = {f =0} C (C\ 0)" x M to M.

DEFINITION 1.15. The bifurcation set B, of a morphism of algebraic varieties
p: QQ — M is the complement to the maximal open set S C M, such that the restriction
of p to the preimage p~'(S) is a locally trivial fibration.

THEOREM 1.16. Assume that A is relevant, H, M and F are defined as in one
of the settings (1) or (II) above, and f € C[H] is nondegenerate (or, less restrictively,
f is 1-nondegenerate in the sense of Definition 7?7 below).

1) The bifurcation set By is given by the equation {E4 o F' = 0}. In particular, B, is
a hypersurface (maybe empty).

2) For generic points ty € B, and t ¢ B, the local multiplicity of E4 o F at ty equals
(—1)"* times the difference of the Euler characteristics of the fibers

e{f(-to) = 0} —e{f(-1) = 0}.

3) The bifurcation set is empty if and only if
dim(H;, + ...+ H;)) <p

for some iy < ... <1y, or
dim(Hy + ...+ Hy) < n.

For the proof of Parts 1 and 2, see Theorem ?7.1 and 2. Part 3 follows from
Proposition ?? and describes the two obvious cases of an empty bifurcation set: in the
first case, @) is empty, and, in the second case, @ = Q" x M for some Q' C (C\ 0)" up
to a monomial change of coordinates. Part 2 implies that the equation F4 o F' = 0 for
the set B is not square-free, but the multiplicities of its factors measure degeneration
of fibers of m. Part 1 is a manifestation of a more general phenomenon of “invariance
of the bifurcation set under base changes”, see e.g. [?] for a similar phenomenon
in two variables. Theorem ?? proves the following conjecture in the special case of
nondegenerate complete intersections in the torus.



CONJECTURE 1.17. For the projection p of an arbitrary schon submanifold of a
complez torus (see [?]) along arbitrary subtorus, the bifurcation set B, has codimension
1, and a generic fiber of p over B, differs from a fiber of p outside B, by its vector of
virtual Betti numbers (and, a forteriori, by its Hodge-Deligne polynomial).

We can relax the assumption of nondegeneracy in Theorem 7?7 as follows. The
dimension of a linear function v : Z" & Z™ — 7 is the maximal dimension of a fiber
for the projection of the convex hull of Y . HY C Z" & Z™ to Z".

DEFINITION 1.18. The vector polynomial f € C[H] is said to be i-degenerate, if
there exists a linear function v : Z" @ Z™ — Z of dimension at most ¢, such that the
differentials dfy, ..., df{ are linearly dependent at some point of the set {f” = 0}.

The nondegeneracy assumption of Theorem ?? can be relaxed to 1-nondegeneracy,
but not to 0-nondegeneracy: for example, the bifurcation set of the projection of 1 +
r+z+yz=14+x+bz+byz =0 to the (z,y)-plane is {(0,0)} for b # 1, in spite of 0-
nondegeneracy of these equations. There is also a version of Theorem ?? for irrelevant

A.

PROPOSITION 1.19. Let ¢ be the mazimum of the differences
p — dim(conver hull of A;, + ...+ A;)

over all sequences 0 < 13 < ... <14, < k. Ifc >0, and f is c-nondegenerate, then
the bifurcation set B, equals the closure of the image of ™ and has pure codimension
c. Moreover, a generic atypical fiber of ™ has a nonzero Euler characteristic, provided
that Ag + ...+ Ag is not contained in an affine hyperplane.

For the proof, see Proposition ??7. Note that, for mindim A < —1, one can also
study the bifurcation set of the projection 7w : @ — 7(Q); this is a different problem,
which makes sense and will be addressed in a subsequent paper.

The number ¢ in the statement of Proposition 77 is called the dimension of the
collection A.

1.6 Application to topology of polynomial maps

For a nondegenerate tuple of polynomials g € C[A], g : (C\ 0)" — C**!, we can apply
Theorem ?? in the setting (II) to the graph go(z) — Ao —co=... =g — M —cx =0
in (C\ 0)" x CkL shifted by generic numbers ¢; € C, and get the following.

COROLLARY 1.20. If A is relevant, the tuple g € C[A] is nondegenerate, and
every k of the k41 polynomials in g also form a nondegenerate tuple, then the bifurca-
tion set of the map g : (C\ 0)" — CF is a hypersurface, and a generic atypical fiber
of g differs from a typical one by its Euler characteristic.

Theorem ?7.3 describes the Newton polytope of this hypersurface. By Theorems
7?7, 7?71, 77 and Corollary ??, the difference of the Euler characteristics of the fibers in
this statement consists of contributions of singularities (in the domain or at infinity) of
the atypical fiber of g: every its singularity corresponds to a certain important face I' of
A (see Definition ?7), and its contribution to the difference of the Euler characteristics
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equals the Milnor number of A at I' (see Definition ?7). We prefer not to make this
statement precise here, but rather refer to Section 77 for the complete picture, because
details are subtle (e. g. the aforementioned singularities at infinity may be non-isolated
even in the minimal toric compactification of g, compatible with A).

One part of Corollary ??7 addresses the question of purity of the bifurcation locus,
which is trivial for k£ = 0 and is classical for k = n — 1: see [?] and [?] for the purity of
the Jelonek set.

Another part of this statement addresses the question of distinguishing atypical
fibers of polynomial maps by their discrete invariants. This question, in contrast to
the first one, is trivial for k = n — 1 and is classical for k = 0: see e. g. [?] and [?] for
the case of two variables, [?], [?], [?], [?] and [?] over C and [?] over an arbitrary field
of characteristic 0 for polynomials with isolated singularities at infinity, [?] and [?] for
non-degenerate polynomials. This question was also addressed for k =n — 2 (see e. g.
[7] and [?7]), but less is known for arbitrary & (see e. g. [?] and [?]). Note that the most
common setting for these studies is the assumption of isolated singularities at infinity,
which is neither weaker nor stronger than the one in Corollary ??. Polynomials with
isolated singularities at infinity may be degenerate (e.g. (z—y)*+ (z—y)+c), and, vice
versa, nondegenerate polynomials, whose Newton polytopes are not simple, may have
non-isolated singularities in any smooth compactification (e.g. zyz(x +y)(z + 1) + ¢).
It is an interesting problem of toric singularity theory to unify these two settings.

Many of the aforementioned works are also concerned with estimating the degree
of the bifurcation set in terms of the degree of the mapping (see also [?] and [?] for
k=0,n=2,[? and [?] for £ = 0, and [?] and [?] for the general case). For nonde-
generate maps (or, more generally, for 1-nondegenerate maps, see Definition ?7), the
precise answer regarding the degree is given by Theorem ?7.3 (it, moreover, describes
the Newton polytope). For 0-nondegenerate maps, the bifurcation set may have com-
ponents of higher codimension, but still it is contained in a hypersurface, whose degree
is given by the formula of Theorem ?7?.3. For general n and k, one cannot relax the as-
sumption of 0-nondegeneracy, although, for some extreme cases, parts of this statement
remain valid with no assumption on genericity of the mapping (see [?] for the purity of
the ramification locus of an arbitrary generically finite map, and [?] for distinguishing
atypical values of an arbitrary bivariate polynomial by their Euler characteristic).

The collection of references given in this subsection is very narrow and not intended
to be an overview of the extensive literature on singularities at infinity.

1.7 Structure of paper

Section 2 prepares several necessary facts from tropical and convex geometry. All of
these facts reflect the well known relation between linear dependence of polytopes, van-
ishing of their mixed volume, and emptiness of the stable intersection of their tropical
fans (see Lemma ?7). We also prove a refined version of purity for the dimension of the
stable intersection of tropical varieties: the stable intersection of a k-dimensional affine
tropical variety with the boundary of a polytope in the ambient space is always purely
(k — 1)-dimensional (Proposition ??). It will be used to prove purity of dimension
for bifurcation sets over C and can be seen itself as purity of dimension for a certain
tropical bifurcation set (see Conjecture 77).

In Section 3, we estimate the bifurcation set of an arbitrary morphism p of algebraic

10



varieties from above (by the Bertini discriminant, Definition ?7) and from below (by
the Euler discriminant, Definition ??7). The Bertini discriminant is the set of critical
values of a stratified fiberwise compactification of p; it is widely used to estimate
the bifurcation set from above. The Euler discriminant is the codimension 1 part of
the discriminant in the sense of Teissier [?]; the codimension 1 part makes sense for
morphisms of algebraic manifolds with arbitrarily complicated singularities of fibers.

The Euler discriminant turns out to be invariant under base changes, subject to
certain transversality assumptions (Theorem ?7?). The Bertini discriminant turns out to
be a hypersurface (Theorem ?7.4), whenever the strata of the fiberwise compactification
are affine complete intersections, whose images are adjacent to the ones of codimension
1.

In Section 4, we apply our estimates of the bifurcation set to the setting of Theorem
?7?7. All the results, mentioned in the introduction, follow from the three observations
regarding Bertini and Euler discriminants in this toric setting:

1) The map F that appears in Theorem ?7 satisfies the transversality assumptions of
Theorem ??, assuring the invariance of the Euler discriminant under the base change
F, if and only if f is 1-nondegenerate.

2) The Bertini discriminant is a hypersurface, because a smooth toric compactification
of (C\ 0)", compatible with A, satisfies the assumption of Theorem ??.4. If we have
Ag = ... = A, then the adjacency condition of Theorem ?7.4 reflects the obvious fact
that every face of the convex hull of Ay is a facet of another face. However, if A; are not
equal to each other, then we need a "mixed” version of this obvious fact. Amazingly,
this mixed version is the principal combinatorial challenge in our work, and its solution
occupies most of Section 2 (see Theorem ?7? for the precise statement). We reduce the
problem to the aforementioned tropical fact about purity of stable intersections. As a
result, the mixed version of the poset of faces of a polytope is understood well enough
for our purpose, but not completely: for instance, the version that we construct is not
a poset. See Conjecture ?? for a possible way to fix it.

3) Both the Euler and the Bertini discriminant can be decomposed into irreducible
components; an earlier paper [?] was devoted to the study of these irreducible com-
ponents, and its results imply that the decompositions of the Euler and the Bertini
discriminant coincide in the toric setting. Thus, in this setting, both the Euler and the
Bertini discriminant coincide with the bifurcation set. That is why we do not discuss
other known notions of the discriminant set of a non-proper map (e.g. the set of critical
values at infinity in the sense of Ehresmann, see [?] or [?]): all such discriminants are
also obviously estimated by the Euler and the Bertiny discriminant from below and
from above respectively, and thus all of them coincide under our assumptions.

At the end of Section 4, we assemble these three observations into the proof of the
package of facts, presented in the introduction.

I am very grateful to Eduardo Cattani, Alicia Dickenstein, Sandra Di Rocco, Pedro
Gonzalez Perez, Askold Khovanskii, Alejandro Melle Hernandez, Benjamin Nill, Michel
Raibaut, Martin Sombra, Bernd Sturmfels and Kiyoshi Takeuchi for enlightening and
fruitful discussions. The text was thoroughly checked and greatly improved by Gleb
Gusev; he generously provided a new proof of Theorem 7?7 and many other ideas that
significantly simplify the final version of the paper.
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2 Preliminaries from polyhedral geometry

In Section 77, we recall the notion of stable intersection and the relation between
linear dependence of polytopes, vanishing of their mixed volume, and emptiness of the
stable intersection of their dual complexes (Lemma ??). We also find a local version
of this relation (where one of the polytopes is a cone, see Lemma ?7) and a stronger
version of purity for stable intersections of tropical complexes (with the boundary of
a polytope instead of one of the tropical complexes, see Proposition ??). In the toric
setting, these two combinatorial facts will lead to the equality between the Euler and
the Bertini discriminant and to the purity of the Bertini discriminant respectively.

In Section ??, we recall the notion and properties of mixed fiber polytopes and
establish a version of Lemma ?7 for them, giving a criterion for their vanishing, see
Theorem ??7. In order to formulate it, we recall the notion of an essential tuple of
polytopes (Definition ?7?). To keep computations traceable, we introduce certain vector
notation for tuples of polytopes, and use it in the rest of Section 2.

In Section ??, we look for a mixed version of an obvious fact: every face of a
polytope is a face of its facet. In order to do so, we construct a mixed version of the
poset of faces of a polytope, corresponding to a tuple of polytopes. This mixed version
is not a poset (its order relaton is not transitive) but behaves nicely enough for our
purpose, see Theorem 77?.

In Section ??, we apply the aforementioned combinatorial results to study the set
of degenerate systems of equations. In particular, we prove that a generic system from
its codimension 1 part differs from a nondegenerate system by the Euler characteristic
of the set of solutions, see Corollary 7?. We also suggest a possibly better candidate
to the mixed version of the poset of faces, see Conjecture ?7?.

2.1 Mixed volumes and stable intersections

A polyhedral complexr of dimension k£ in R™ is a locally finite union of closed convex
rational k-dimensional polytopes P; € R". Its stable image under a rational vector
map p : R” — R™ is the union of those of p(P;) that are k-dimensional. The stable
intersection of sets P and @) in R™ is the set of all points z € P N @, such that

Vedd : ve R v <§ = dist(z,(P+v)NQ) <e.

This operation is denoted by A, is commutative, but not associative (different brackets
in {z =0} A{y =0} A{y < |z|} C R? lead to different answers), and its result may be
of unexpected dimension (like {z = |z| + |y|} A {z = 0} = {0} C R?). To avoid these
issues, we should restrict our consideration to tropical complexes.

A point = of a k-dimensional polyhedral complex P is said to be smooth, if its
transposed copy P — x coincides with a vector subspace in a neighborhood of 0 € R™.
This vector subspace is called the tangent space at x and is denoted by T, P.

DEFINITION 2.1. A closed polyhedral complex P C R" is said to be tropical, if
it admits a positive locally constant non-zero function w : {smooth points of P} — R,
such that, for every rational subspace L C R" of complementary dimension, the tropical
intersection number of its transposed copy L — x and P

S wi) z

e (Z* N L) + (Z* N T,P)
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does not depend on z (this sum makes sense for almost all z € R").

Positivity of w is not always included in the difinition, but will be crucial in what
follows. We refer to the canonical papers [?] and [?] or [?] for the lemma below and
for all subsequent well known facts about tropical complexes.

LEMMA 2.2. 1) Stable intersections, stable images and connected components of
tropical complexes are tropical complezes.
2) We have codim PAQ = codim P+ codim @ for tropical P and Q, unless PAQ = @.
3) Stable intersection is associative on tropical complexes.
4) The dual complex of a polytope is a tropical complex.

For a linear function v : R” — R, we denote its support face of a polytope A
by A” (it is the maximal face of A in the boundary of the half-space A + {y < 0}),
and say that v is an external normal covector to the face A7. Recall that the dual
complex of a polytope is the set of all external normal covectors to all of its positive-
dimensional faces; in particular, the dual complex of a point is empty. Also recall that
the mized volume is the unique real-valued multilinear (with respect to Minkowski
summation A+ B = {a+0bla € A, b € B}) function of n convex polytopes in R",
whose value at n copies of A equals n! Vol(A). For any polytopes Ay, ..., A,,, we set
the formal monomial A; -...- A, to be equal to 0 unless the affine span L of ), A,
is m-dimensional; otherwise we set this monomial to be equal to the mixed volume of
Ay, ..., A, induced by the integer volume form on L.

Let Ay, ..., Ag be arbitrary polytopes in R”.

LEmMA 2.3 (Equivalence lemma). The following conditions are equivalent:
1) For every I C {1,...,k}, we have dim)_,_, A; > |I].
2) There exist positive integers a1 + ...+ ap = dim ), A;, such that AT -...- AF #0.
3) The stable intersection of the dual complexes of Ay, ..., Ay is non-empty.

PrROOF. For n = k, this equivalence is well known. In this case, the equivalence
1 & 2 was stated in [?] (see e.g. [?] for the proof), and the equivalence 2 < 3 follows
from the fact that the mixed volume of the polytopes Ay, ..., A, equals the tropical
intersection number of their dual complexes (see e.g. [?] or [?]). In the general case,
we may assume without loss of generality that n = dim ), A;, and have:
1 =2) If the collection Ay, ..., Ay satisfies the condition (1), then the collection

Al AR ALY A,

v

n

k

also satisfiess the condition (1). Since 1 < 2 for the latter collection, we have Aq-.. .- Ag-
(Ar+...+A,)" % > 0, or, removing the brackets, > Co AT AR > 0.

a1+...+ap=n ~ai,...,a
Thus one of the terms in the latter sum is also strictly positive.

2=3) For the collection Ay, ..., Ay,..., Ay, ..., Ay, we have 2 < 3. Since this col-

' '

al ag
lection satisfies (2), then the stable intersection of the dual fans of these n polytopes is
non-empty, thus the stable intersection of the dual fans of the subcollection Ay, ... Ay

is also non-empty.
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3=1) Ifwehavedim) , , A; < |I|for some I, then the polytopes A = A;—a;, a; €
A;, 1 € I, are contained in an [-dimensional vector subspace L C R", and the stable
intersection of the dual fans of Al, i € I, has negative dimension in L* by Lemma 77,
i.e. is empty. Since the dual fans of A; are the preimages of the dual fans of Al under
the projection (R™)* — L*, the stable intersection of them is also empty. O

DEFINITION 2.4. Polytopes Ay, ..., A, are said to be linearly independent, if they
satisfy any of the three conditions of Lemma ?7?.

We also need the following relative version of Equivalence lemma ?7.

LEMMA 2.5. Let v : Z"™ — 7Z be a linear function such that the faces Ay, ... A}
are linearly independent, A} is a point, and a (closed) polytope A is contained in
Ay \ AY}. Then we have

2: A AL AT > E A A2 A
a1+...+ak:dim Zz Ai a1+~--+ak:dirn Zz Ai

where the sum is taken over all decompositions of dim ), A; into positive integers a;.

PRrROOF. 1. With no loss in generality, assume that ), A; is not contained in an
affine hyperplane, AY = {0}, and A contains all other vertices of A;. By a height-base
formula for the mixed volume (see e.g. [?]), we can rewrite

> ADUAL LA AT AR AT =

a1+...+ap=dim ), A;

== maxy(z)- Y (AN)ITHAD™.(AD™, (%)
o a1+...+ag=n
where v : Z" — Z runs over all primitive linear functions, whose restrictions to A
are strictly negative. Choose primitive § : Z"™ — Z, whose restriction to A is strictly
negative, so that AJ, ..., A? are linearly independent (there exists at least one such
§ = v), and dim(AS + ... + A?) is maximal possible. With no loss in generality, we
also assume that the affine span of every A? contains 0.

2. If dim(AS+...+Af) = n—1, then, by Lemma ??, there exist positive ay, . . . , a,
such that ag+. . .+ay = n—1and (A9)® ... (A2)% > 0. Thus, in this case, the collection
v =90,a1 = 1,as,...,a; corresponds to the desired strictly positive term in (x), and it
remains to consider the case dim(A$ + ...+ A?) < n — 1. In particular, let N be the
quotient space of R™ by the vector subspace, parallel to the affine span of AS+...+ A2,
then we can assume dim N > 1.

3. Denote the projection R — N by ¢ and the convex cone, generated by g(A;),
by C, then g(A%) C C for every i. Otherwise there exists a linear function A such that
C* = {0}, and the face q(A2)* + ... + q(Ax)* of positive dimension is adjacent to the
vertex g(AS + ...+ A?), thus the linear function ¢’ = ¢*(\), as well as §, corresponds
to linearly independent faces A3, ... A2 and is negative on A. This would contradict
the choice of 6 on Step 1, because dim(AY + ...+ A%) > dim(A + ... + A?).

4. The cone C' is not contained in a hyperplane (otherwise every ¢(A;) is contained
in the same hyperplane H by Step 3, and Ay 4 ...+ Ay is contained in the hyperplane
q '(H), which contradicts the assumption). Thus, there exists a linear function \ :
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N — Z such that dim ¢(A)* = dim N — 1, which is positive by Step 2, and C* = {0}.
Taking v = ¢*A, we conclude that A7, ..., A} are linearly independent, dim(AY + A7 +

...+A]) =n—1, and 7 is negative on A. By Lemma ??, there exist positive a1, ..., ay,
such that a; + ... 4+ ax = n and (A7)~ 1(AJ)*...(A])* > 0. Thus, the collection
v, ai, ..., a; corresponds to the desired strictly positive term in (x). O

The following fact can be seen as a tropical version of purity results for bifurcation
sets over C, and will eventually allow to prove these results themselves.

PROPOSITION 2.6. Let P be a polyhedron in R™, open in its affine span, and let
T be a tropical complex in R™ such that dim P +dimT =n + k. Then
1) The stable intersection S =T A P is k-dimensional or empty.
2) The intersection of the closure of S with the relative boundary OP is (k — 1)-
dimensional or empty.
3) It is empty if and only if every connected component of S is contained in an affine
subspace that is contained in P.

Both statements remain valid, if we define S as the conventional intersection T'N P,
and claim the dimension of the intersections in (1) and (2) to be greater or equal than
what we have in the stable case. The proof of this refinement follows the same lines as
the proof of Proposition ?7?.

Before proving Proposition 77, we explain in what sense it is the tropical version of
purity results for bifurcation sets over C. Let T' be a p-dimensional tropical complex
in R? x RP. A point € T is said to be regular for the projection T"— RP, if a generic
fiber of this projection has at most one point in a small neighborhood of z. The tropical
Jelonek set of the projection T — RP is the set of images of all points x € T' that are
not regular for this projection. A p-dimensional tropical complex T' C RP*Y is said to
be regular, if every its point x admints a projection RPT? — RP, for which the point z
is regular.

CONJECTURE 2.7 (Tropical Jelonek theorem). If a p-dimensional tropical com-
plex is reqular, then the tropical Jelonek set of every its projection to RP is a polyhedral
(not necessarily tropical) complex of pure codimension 1.

Let P be a convex polyhedron in R", represent it as {z | h(z) = ¢}, where ¢ € R,
and h : R® — R is a continuous piecewise linear function, whose restriction to every
ray from the origin is linear. Let 7' € R! x R™ be the corner locus of the function
max(|y|,h — ¢) on R! x R" where y is the standard coordinate on R'. Then the
tropical Jelonek theorem for the projection T'— R is exactly Proposition ?7.

LEMMA 2.8. 1) If the image of a tropical complex T under a linear map R™ — R*
is contained in a polytope A that does not contain a line, then this image consists
of finitely many points. In particular, a positive-dimensional tropical complexr is un-
bounded.

2) 1If, for every smooth point x of a tropical complex T C R™, the tangent space T, T
contains a vector subspace L, then T is the preimage of a tropical complex in R"/L.

PROOF OF PART 1. Assume that the image is of positive dimension, then one
can find a polytope T; C T, such that its image in R¥ is at least 1-dimensional, then
there exists an affine subspace L C R" of complementary dimension, intersecting 7;
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transversally, such that the intersection of its image in R*¥ with A is bounded. Thus
the tropical intersection number of L with T' (see Definition ??) is positive, while,
for suitable z € R", the image of z + L in R¥ does not intersect A, and the tropical
intersection number of x + L with 7" is 0.

PROOF OF PART 2. Assume that 7" is not the preimage of a subset in R™/L:
then there exists a point x € T, such that a small neighborhood of z in L + x is not
contained in 7. With no loss in generality, we can assume that x = 0, and consider
the union of polyhedral cones T” that coincides with 7" in a small neighborhood of the
origin. Since the image of 7" in R"/L is of dimension dim 7T — dim L, there exists a
vector subspace L’ of complementary dimension, whose image in R™/L intersects the
image of 1" at one point 0. Since 0 € 7" N L/, the tropical intersection number of L’
and T" is positive, however, since L is not contained in 7", we can choose 2’ € L\ T"
and notice that 77N (L' 4+ 2’) = @, thus the the intersection number of 7" and L' + 2’
is 0, thus 7" is not tropical, thus 7" is not tropical.

In the same way one can check that a function w : {smooth points of T} — R,
defining a tropical structure on T (see Definition ??), is constant along every affine
space, parallel to L, and thus induces a function on the smooth part of the image of T’
in R"/L, which defines a tropical structure on the image. O

PrROOF OF PROPOSITION ?7?7. Let L be the affine span of P, then T A P =
(TNL)YANP = (I' N L) P. Thus, Part 1 follows by Lemma ??, and, replacing T’
with T'A L and R™ with L , we may assume that P is an open n-dimensional polytope
in R”. We also assume by induction that the desired statement is already proved for
polytopes of dimension smaller than n.

PROOF OF PART 2. Assume the contrary to the statement of Part 2: there exists
an open polytope P, a tropical complex 7" in R™ and a point x € T'N PNOP, such that
the set T'N P N QP is of dimension less than dim 7 — 1 in a small neighborhood of z
(in particular, dim 7" > 1). With no loss in generality, we can also assume that z = 0,
consider the polyhedral cone P’ that coincides with P in a small neighborhood of the
origin, and the tropical complex 7" that consists of finitely many polyhedral cones T;
and coincides with 7" in a small neighborhood of the origin. Then, by our assumptions,
the set 7" N P’ N OP' is non-empty of dimension smaller than dim 7T — 1.

We now prove that P’ contains a line. If it does not, then there exists an affine
hyperplane L”| intersecting it at a bounded polytope P” of dimension n—1. Denote the
(stable) intersection T'AL” = T'NL" by T”, then T" N P"NOP" = L"NT" N P'NOP" is of
dimension smaller than k—2. On the other hand, T” N P"NOP" is not empty, otherwise
the connected component of T"AL” in P” is a non-empty bounded positive-dimensional
tropical complex, which is impossible by Lemma ??.1. Thus, the smaller-dimensional
polytope P” and the tropical complex T” contradict the inductive assumption. Thus,
the maximal vector subspace L, contained in 7", is positive-dimensional.

We now prove that L' is parallel to every T;. If it does not, then there exists a
line [ C L’ that is not parallel to some T;, then the stable image 7" of 7" under the
projection along [ is non-empty. Denote the projection of P’ along [ by P”, then the
set T" N P" N OP" contains 0, is contained in the projection of the set TN P' N OF’,
and its dimension is also smaller that k£ — 1, thus the smaller-dimensional polytope P”
and the tropical complex T"” contradict the inductive assumption.

We now prove that L’ is not parallel to some T;. Otherwise, by Lemma 77.2,
T =T" x L' and P’ = P” x L for a polytope P” and a tropical complex T"” in the
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quotient space R"/L'. Since T"N P'NOP' = (T" N P"NIP") x L", the dimension of
T" N P"NOP" is less than dim 7" — 1, thus the smaller-dimensional polytope P” and
the tropical complex T" contradict the inductive assumption.

Assuming the contrary to the statement of Part 2, we have concluded that L’ is
parallel to every T;, but not parallel to one of them, which is a contradiction.

PrROOF OF PART 3. Represent the polytope P as the preimage of a polytope
A C R* under a linear map R® — R*, so that A does not contain a line, and apply

Lemma 77.1. O

2.2 Essential tuples and mixed fiber polytopes

Many polytope-related notions of convex geometry admit a mixed version (e.g. mixed
volume, mixed fiber polytope), related to a tuple of polytopes. We aim at inventing a
mixed version of the notion of face, and need the following vector notation for tuples
of polytopes.

Let A be a K-tuple of polytopes in R" (i.e. a map from a finite set K € Z to
the set of polytopes in R™). For every J C K, denote the restriction of A to J by
AJ (it is called a subtuple of A), the cardinality of K by |A|, the Minkowski sum of
A(k), k € K, by > A (which is {0} for K = @), the difference dim(}_ A) — |A| by
dim A, the minimum of dim A.J over all J C K by mindim A < 0, the mixed volume or
mixed fiber polytope of the polytopes A(k), k € K, by MV(A) or MP(A) respectively,
the tuple of the images of A(k), k € K \ J, under the projection along the affine
span of >  AJ by A/J. For a tuple of numbers a : K — Z, let A* be the tuple that
includes a(k) copies of the polytope A(k) for every k € K (more precisely, choose a
map k : K’ — K, such that the preimage of every k € K consists of a(k) elements,
and set A* to be the K'-tuple A o k).

LEMMA 2.9. For a tuple A of linearly independent polytopes, such that dim A =
dim Al = 0, we have MV(A) = MV(AI) MV (A/I).

See e.g. [?] for the proof.

DEFINITION 2.10 ([?]). The tuple A is said to be essential, if dim AJ = min dim A
only for J = K.

LEMMA 2.11 ([?]). 1) There ezists a unique minimal J C K with dim AJ =
mindim A;
2) There exists a unique mazimal J C K with AJ essential.
3) These two subsets coincide.

PROOF. Note that
dim Al +dim AJ > dim A(1U J) +dim A(I N J) (%)

(see [?7]). If dim Al = dim AJ = mindim A then dim A(/ N J) = mindim A as well by
(%), then the intersection of all I with dim A = mindim A has the same dimension,
and (1) follows. We denote this intersection by I and note that Alj is essential.

If AJ is essential, and J ¢ I, then dim A(I N J) > dim AJ, and, summing up
this equality and (), we get dim Al > dim A(J U J) > mindim A, which implies that
I # Iy. Thus, Iy contains any other J with AJ essential, which proves (2) and (3). O
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The first application of this lemma is a version of Equivalence lemma ?? for mixed
fiber polytopes, whose definition we recall now. Let P, be the semigroup of polytopes
in a vector space L (with respect to Minkowski summation). For a polytope H C
R™ @& R™, the fiber polytope [ H is the set of points of the form fR" y(z)dr C R™,
where v : R” — R™ runs over all continuous sections of the projection H — R™ ([?]).

DEFINITION 2.12 ([?], [?]). The (unique) symmetric multilinear mapping

MP:PRn@RmX...XPRn@Rm—)PRm7

nIl
such that MP(H, ..., H) = (n+1)! [ H for every H, is called the mized fiber polytope.

The multiplier (n 4 1)! assures that the mixed fiber polytope of integer polytopes
is integer.

LEMMA 2.13 ([?]). The polytope X satisfies the equality
MV (X, By, ..., B1) = MV(Hy, ..., Hy, B, ..., Bp)

for all tuples of polytopes By, ..., By,_1 CR™, iff X = MP(H,,...,H,) + a for some
a € R™.

In the left hand side of this equation MV denotes the mixed volume of m polytopes
in R™, and in the right hand side — the same for m + n polytopes in R" & R™ D
{0} x R™ ~ R™.

Let H be a {0, ..., k}-tuple of polytopes in R” @& R™, and A be its projection to
R"™ (i.e. A(#) C R™ is the projection of H(i) for every i). Assume that A is relevant
(Definition ?7).

THEOREM 2.14. 1) Assume that A is linearly dependent, and Al is its mazimal

essential subtuple. The sum
S mp(Y) (+)
ao+...+ap=n-+1

over all decompositions of n + 1 winto a sum of positive integers is a point, iff the
projection of > HI to R™ is injective.
2) Assume that A is linearly independent. The sum (x) is a point, iff the projection of
> H to R™ is injective.

PROOF OF THE IMPLICATION <. In both cases, under given assumptions, the
mixed volume of the polytopes

H(0), ..., H(0),...,H(k),...,H(k),By,...., Bm_

. J

ago ag
is zero by Lemma ?? for every decomposition of n+ 1 into the sum of positive integers
ag + ...+ ag, and for all polytopes By, ..., B,,_1 in R™. By Lemma ??, this implies
that the mixed volume of By, ..., B,,_1 and the mixed fiber polytope MP(H?) is zero,
thus this polytope is a point.
PrROOF OF =-. Consider a generic set of segments By, By, ..., B,,_1 C R™. Let L
be the affine span of ) B;.
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Consider the {0,1,...,k + m — 1}-tuple R such that R(i) = H(i),i < k and
R(i) = B;_x,i > k. Consider its subtuple B := R{k+1,...,k+m — 1}.

If the projection of Y H to R" is injective, there is nothing to prove. Otherwise,
chose a one-dimensional subspace K C R that is parallel to the affine span of a generic
fiber. Since L is generic, we have R™ = L& K, and the space (R™ @&R")/L is naturally
isomorphic to K @ R"™. Thus we have dim ) R/B = n + 1, and therefore dim Y R =
dim ) R/B+dim ), B = n+ m. We check the conditions of Lemma ?7 as applied to
R. Since the sum (*) is a point, we have > HE®...HBy...B,_1=0.

ap+ai+...+ar=n+1 0
As the polyhedra B; are one-dimensional, it follows that

> MV (R%) = 0.

aptar+...+agym_1=n+m

According to Lemma ?7 there is a subtuple RJ such that dim RJ < 0.

We can assume that B is a subtuple of RJ, otherwise we replace J with J U {k +
1,...,k+m—1}, and dim RJ < 0 remains valid. Let J' = J\{k+1,...,k+m —1}.
Let p(HJ') denotes the projection of HJ' to K & R™. We have p(H.J') = RJ/B and
dimp(HJ') =dim RJ/B = dim RJ < 0.

Assume that the projection of > HJ' to R™ is not injective. Since L is generic,
a fiber of the projection is transversal to L @ R™. Therefore we have dimp(HJ') =
dim AJ’+1 and thus dim AJ" < —1, which contradicts the condition that A is relevant.
Thus, the projection of »  HJ' to R" is injective and dim AJ" = dimp(HJ') = —1.
Thus, J' contains I such that Al is the maximal essential subtuple of A, and the
projection of Y HI to R™ is also injective. O

2.3 Essential faces and their adjacency

DEFINITION 2.15. A tuple of polytopes B is called a face of the tuple A, if B(7)
is a face of A(i) for every i € K, and )_ B is a face of )  A. It is written as B < A
and said to be trivial, if B = A.

DEFINITION 2.16. A tuple FE is called an essential facing of the tuple A, if it
is the maximal essential subtuple of a face B < A. It is said to be trivial, if it is a
subtuple of A. An essential facing E is said to be adjacent to an essential facing E’, if
they are maximal essential subtuples of faces B < B’ < A respectively.

THEOREM 2.17. Fvery essential facing E is adjacent to another essential facing
E’ such that dim £’ = dim £ + 1.

Thus, essential facings of a tuple of polytopes behave similarly to faces of one poly-
tope in terms of adjacency and dimension. On the other hand, adjacency of essential
facings is not transitive (see the following example), which is the primary source of
complications in this section. Before proving the statement, we give counterexamples
to a number of tempting, but misleading ways to simplify it. Denote the standard
simplex and the standard cube in R™ by .S,, and C,,, and denote the convex hull of the
points (0,0,0), (0,1,2),(0,2,1) by D.

ExXAMPLE 2.18. In the statement of Theorem, the essential facing E is not nec-
essarily a face of a subtuple of E': consider A(1) = Cy, A(2) = A(3) = A(1)®~Y and
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E = A®=Y then ' = A{2,3}. The tuple A is shown in black on the left of the picture
below, with E in blue and E’ in red.

In the statement of Theorem, a subtuple of the essential facing F is not necessary
a face of E: consider A(1) = Cy, A(2) = A(3) = Sy and E = A{2,3}® then ' = A.
The tuple A is shown in black on the right of the picture below, with F in blue.

L LI

If V,E and E’ are essential facings of A such that V is adjacent to F and F is
adjacent to E’, then V' may be not adjacent to E': consider A(1) = C5, A(2) = A(3) =
A4) = D,V = ACLL0 0B = A{2.3,4}0-17D and B = A{2,3,4}%72D, The
tuple A is shown in black on the picture below, with V' shown by blue dots, E shown
by red rounds, and E’ shown by green segments. Some possible ways to represent £ or
E’" as a maximal essential subtuple of a face B or B’ < A are shown in red and green
dotted lines respectively.

When working out these examples, it is useful to reformulate the definition of
essential facings and their adjacency as follows (although we do not use this statement
in the sequel and omit details of its proof).

PROPOSITION 2.19. 1) Every essential facing E of a tuple A is the maximal
essential subtuple of a face B < A such that dim F = dim B.
2) Every pair of adjacent facings E and E' are maximal essential subtuples of faces
B < B" < A such that dim E = dim B and dim E' = dim B’.

Part 1 is Lemma ?? below, and Part 2 can be proved by induction on dim £'—dim E,
using Theorem 7?7 below.

However, given B that satisfies the statement of Part 1, it maybe impossible to
represent it as a face of B’, satisfying the statement of Part 2, even if dim £’ = dim E+1.
For instance, in the notation of the last example above, the tuple B = A©~1=1 proves
the statement of Proposition ?7(1) for E as introduced in the example, but does not
admit B’ such that B and B" would prove Proposition ??(2) for £ and E’ as introduced
in the example (it is proved by B = A0 and B’ = A®~2Y instead).

We prove the following stronger version of Theorem ?77.

THEOREM 2.20. If E is a nontrivial essential facing of A, then it is also a
nontrivial essential facing of a face B < A, such that dim B = mindim B = 1+ dim F.
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The rest of the section is devoted to the proof of this theorem. We need the following
relation between essential tuples and stable intersections:

PROPOSITION 2.21. For a decomposition K = I U H, let L be the orthogonal
complement to the sum >, Al, and let C' be the stable intersection of the dual complezes
of the polytopes AH. Then
1) If AI is the maximal essential subtuple of A, then the stable intersection of L and
C' s non-empty.

2) If the stable intersection of L and C' is non-empty, then the mazimal essential
subtuple of A is a subtuple of Al.

Note that we could not reverse any of these two statements.

PROOF OF PART 1. Choose arbitrary polytopes By, ..., Beodim 1,, Whose orthogonal
complement equals L, then the tuple By, ..., Beodimr, AH satisfies Condition (1) of
Lemma ??. Then, by this lemma, the stable intersection of the dual complexes of
Bi, ..., Beodim L, AH is non-empty, while the stable intersection of the dual complexes
of By, ..., Beogim, equals L.

PROOF OF PART 2. Assume, on the contrary, that there exists an essential sub-
tuple AJ, J ¢ I. Denote the orthogonal complement of A(/ N .J) by M and choose
arbitrary polytopes By, ..., Beodim i, Whose orthogonal complement equals M. Since
AlJ is essential, we have

dim(SA(HNJ)+5,B;) = dim AJ < |I|—|[INJ|+dim SA(INJ) = |[HNJ|+dim X; B;,

i.e. the tuple By, ..., Beodimam, A(H N J) does not satisfy Condition (1) of Lemma 77,
thus the stable intersection of its dual complexes is empty. Since the stable intersection
of the dual complexes of By, ..., Beoqim i €quals M, then it contains L, thus the stable
intersection of L and the dual complexes of AH is empty as well. O

The following is well-known:

LEMMA 2.22. The dual complex of AV is defined by the following conditions:
it consists of cones with vertices at v and coincides with the dual complex of A in a
neighborhood of ~.

For the tuple of polytopes A, denote its face B with B(i) = A(i)?, i € K, by A7.
Note that every face can be represented in this form for a suitable v. We now prove
the following two weak versions of Theorem 77.

LEMMA 2.23. If E is the maximal essential subtuple of A, then it is also the
mazximal essential subtuple of a certain B < A such that dim B = dim F.

PROOF. Applying Proposition ??(1) with Al = F, we find that LAC' is non-empty
(in the notation of the proposition). Assuming that dim A > dim E (otherwise we could
set B = A), Lemma ?7(2) implies that dim L A C' > 0; in particular, L A C' contains
a non-zero covector v. By Lemma 7?7, the stable intersection of the dual complexes
of A(i)7,i ¢ I, and L is also non-empty (namely, it also contains ). Thus, applying
Proposition ?7(2) to A” and its subtuple £, the maximal essential collection of A7 is a
subtuple of E. Since F is essential itself, it is exactly the maximal essential collection
of A7. We have proved the following: if F is the maximal essential subtuple of A, such
that dim A > dim F, then it is also the maximal essential subtuple of a non-trivial face
B < A. Tterating this, we get the desired statement. O
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LEMMA 2.24. If E is a nontrivial essential facing of A, then it is also a nontrivial
essential facing of a montrivial face B < A, under an obviously necessary assumption
dimA>1+dimkFE.

PrOOF. By Lemma 7?7, we can choose a face D < A, such that £ = DI is its
maximal essential subtuple, and dim D = dim E. Applying Proposition ??(1) to D
and its maximal essential subtuple E, we get C A L # & (in the notation of the
proposition).

We now prove the same statement for the stable intersection C’ of the dual com-
plexes of A(i), i ¢ I, and the (relatively open) cone L' C L of external normal covectors
to the face Y E of the polytope > AI: the set L' A C’ is non-empty as well. Assume
the contrary: L' A C" = @. Choose v € L’ so that AY = D, then, by Lemma ?7, the
complex C' is uniquely defined by the fact that it coincides with C” in a small neigh-
borhood of 7. Since L also coincides with L' in a small neighborhood of v, we have
CANL=LANC"= @ in a small neighborhood of =, and this implies C A L = &.

By Lemma 77?(2) and the assumption dim A > 1+ dim E, we have dim L/ AC" > 1.
Applying Proposition ?7(2) and (3) to the tropical complex C” and the polyhedron
L', we conclude that the closure of L' A C" intersects the (relative) boundary of C’
by a non-empty positive-dimensional set. In particular, this intersection contains a
non-zero covector v that has a nearby non-zero covector 6 € L' A C'. We will prove
that A" is the desired face B as follows. By Lemma 7?7, the stable intersection of L
and the dual complexes of A(7), i ¢ I, is non-empty (namely, it contains &, because
L' AC" does). Thus, applying Proposition ?7(2) to A° and its subtuple F, the maximal
essential collection of A° is a subtuple of E. Since E is essential itself, it is exactly the
maximal essential collection of A% < A7. O

LEMMA 2.25. If E is a trivial essential facing of A, then dim F = mindim A.
If E is a non-trivial essential facing of A, then dim E < min dim A.

PRroOF. The first statement follows by definition. To prove the second one, let E be
the maximal essential subtuple BJ for a face B < A. If J C I, then dim F < dim BI <
dim AI, with the second inequality strict because E is non-trivial. Otherwise, we have
dim £ < dim BI < dim AI, with the first inequality strict by Lemma ?7(1). O

PROOF OF THEOREM 7?7 proceeds by induction on dim A. If dim A > 1 4+ dim F,
then substitute A with B given by Lemma ??7, and apply the inductive hypothesis. If
dim A = 1 + dim F, then it is also equal to mindim A by Lemma ??7, and we can set

B=A O

2.4 Lattice subsets and resultants

We now formulate the results of the previous subsections in the form that we need later,
with finite subsets of Z™ instead of polytopes. In particular, we apply all the polytope
terminology to finite subsets of Z™ by considering convex hulls of these subsets. A face
of a finite subset H C Z™ is the intersection of H with a face of its convex hull. The
dimension dim H of H C Z" is the dimension of its convex hull.

As before, a K-tuple of finite sets is a map A from a finite set K to the set of finite
subsets of Z", its I-subtuple for I C K is denoted by AI, the Minkowski sum of its
elements {), ; ar|ar € Ax} is denoted by > A (which is {0} for K = @), and the
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difference dim (> A) — | K| by dim A. A K-tuple I is a face of a K-tuple A, if I'(k) is
a face of A(k) for every k € K, and > I'is a face of ) A.

DEFINITION 2.26. A face I' < Al is said to be important, if there exists a face
[ < A such that I' = I'"I and dim[" < dimI"J for every J D I. It is said to be
essential, if, in addition, dimI" < dimI"J for every J C I (i.e. if the convex hulls of I'
form an essential facing of the convex hulls of A).

If T is a face of AI, then we denote the projection of Z™ along the affine span of
> T by p, the convex hulls of pA(i), i ¢ I, by ¥y,...,V,,, the convex hulls of p(>_ AI)
and p(>_ AI'\ > _T') by ¥y and V.

DEFINITION 2.27. The Milnor number of the tuple A at the face I' is

A= N W W
ag;.--, am
where (ag, . . ., a,,) runs over all collections of positive integers that sum up to dim > A—
dim > T", and the mixed volume of polytopes By, ..., By in a k-dimensional vector space
is denoted by the monomial By - ... - By.

This number does not depend on all the tuple A, but only on its local structure
near I'. More precisely, let ¢ be the vertex p(>_T') of ¥q, and let

C={AY —1o)|A> 0,9 €Yy}

be the cone that looks near the origin like Wy near its vertex vy, and denote the pair
of (unbounded) polyhedra (¥ + C, U+ C) by & and (¥; 4+ C, ¥; + C) by ®; for i > 0.

PROPOSITION 2.28. The number ¢4 equals

K < R R

ag;---,am

where (ag, . . . , ay,) Tuns over all collections of positive integers that sum up to dim» , A—
dim Y " T, and the mized volume of pairs of polytopes P, ..., P in a k-dimensional vec-
tor space is denoted by the monomial Py - ... Py (see [?] or [?] for its definition).

See Assertion 1.5 in [?] for the proof. We do not need this representation of Milnor
numbers in what follows, we mention it only because it simplifies the computation of ¢}
in many special cases (see [?] for properties and examples of computation of the mixed
volume of pairs of polyhedra). This number and its relation to discriminants is also
discussed in detail in [?] (where it is called the mized multiplicity), and an illustrative
example for n =2, k = 1, I' = (point, point) is worked out.

COROLLARY 2.29. We have ¢y > 0. Moreover, T is important if and only if
r
cy > 0.

To deduce positivity from importance here, apply Lemma ?? to ¥; and ¥. Deducing
importance from positivity is straightforward (we do not need this implication in what
follows).
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COROLLARY 2.30. Ifdim E = —k < 0 for an essential facing E of a relevant
tuple A, then there exist essential facings E; of dimension —i for i = 1,....k, such
that we have E = Ej, and E; is adjacent to F;_1 for every i.

To prove it, apply Theorem ?? by induction on dim E. Recall that adjacency is not
transitive, and we cannot claim that E} is adjacent to Ej.

We now apply these results to study resultant sets. Recall that we denote
D, C[A(7)] by C[A], and the resultant set R4 is the closure of the set of all f € C[A]
such that the system of equations f = 0 has solutions in (C\ 0)".

NotTATION. If I' is a face of A, and f € C[A] is a tuple >, 4 Cai®®, @ =
0,...,k, then the tuple Zaem) casx®, i € I, in C[I'] is denoted by f'. For every set
S C C[I'], we denote the set {f| f' € S} C C[A] by the same symbol S (for example,
Rr C C|[A] is the set of all f € C[A] such that the system f' = 0 has a solution).

LEMMA 2.31. 1) We have codim R4 = —mindim A.
2) The resultant set R4 is irreducible.
3) If B is a face of A, then Rg C Ra.
4) For a generic f € Ry, we have dim{f = 0} = —mindim A — 1, and the Euler
characteristic of { f = 0} is non-zero, unless > A is contained in an affine hyperplane.

PROOF. Part 1 is proved in [?], Parts 2 and 3 are well known.

2 and 3. Let T be a toric variety, whose fan is compatible with the convex hull of
> A. Consider elements of C[A(7)] as sections of the linear bundle on T, corresponding
to the convex hull of A (see e.g. [?]). The set {(f,z)]| f(x) = 0} € C[4] x T is
irreducible, because it is the total space of a vector bundle over 7. Its projection to
C[A] equals the union of Rp over all faces B < A. Since |Jz_, Rp is irreducible,

and codim Ry = —mindim A < —mindim B = codim Rpg for every B, then Ry =
UB<A Rp.

4. The equality dim{f = 0} = —mindim A — 1 for generic f follows from the
equalities dim{(f,z)| f(x) = 0} = |A] — 1 and dim R4 = |A| + mindim A. With no
loss in generality, assume that A(0),..., A(p) is the maximal essential subtuple of A.
Denote the vector space, generated by pairwise differences of points of A(0)+...+A(p),
by L. For every f € C[A], the set {fo = ... = f, = 0} can be represented as T"- C},

where 7" C (C\ 0)" is the subtorus, whose tangent plane at 1 € (C\ 0)" equals
L+ C (Z™)*, and C; C (C\ 0)"/T is an algebraic set. Applying the first statement of
Part 4 to Ra(),..., a(p), we conclude that, for generic f € R4, the set Cy is non-empty and
finite. Moreover, for every ¢ € C; and generic f;, ¢ > p, the restrictions of f;, ¢ > p, to
T - ¢ define a nondegenerate complete intersection V.. By the Kouchnirenko-Bernstein-
Khovanskii formula [?], denoting the convex hull of the image of A(¢) in R™/L by B(i),
the Euler characteristic of V, equals

y = (—1)codim Ltp—k > B(p+1)%+ ... B(k)%. (%)

apt+1+...+ap=codim L

Since Ay, ..., A, is the maximal essential subtuple of A, then the polytopes B(p +
1),...,B(k) in R"/L are linearly independent, then, by Lemma ?7?, at least one of the
terms on the right hand side of (x) is non-zero, then e{ f = 0} = |C|- x is also non-zero
of sign (_1)codim L+pfk:. |
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COROLLARY 2.32. 1) If Al is the mazimal essential subtuple of A, then Rj =
Ry;.
2) If mindim B < mindim A = 0 for a face B < A, then there exists another face
C < A, such that Rc D Rp is a hypersurface.

PROOF. 1. We have codimp™!(R4;) = codim Ry = mindim A by Lemma ?7.1,
and p~Y(Ra;) D Ra by definition. Since both are irreducible by Lemma ?7?.2, the
converse inclusion follows.

2. Applying Corollary ?? with E equal to the essential facing of B, we have (in
the notation of Corollary): Ry = Rp = Rg, C ... C Rp, by Lemma ?7.3, and
codim Rp, = —mindim £y =1. O

REMARK. Let us say that an essentual facing I' of A is essentially adjacent to an
essential facing A, and write I' < A, if Rp C Ra. Then we have:
1) < is transitive,
2)I'x A = dimI' <dim A (by Lemma ?7),
3) For every I'y < I' 5 I'y, such that dim['; < dimI' < dimT'y, there exist essential
facings A; and A,, such that

F1<A1-\<F-\<A2$F2and d1mA1+1:d1mF:d1mA2—1

(by Theorem ?77).

In this sense, essential adjacency of essential facings of a tuple of polytopes behaves
in the same way as adjacency of faces of a polytope. However, essential adjacency
is weaker than the adjacency of Definition 77, because the latter is not transitive.
It would be interesting to give a combinatorial definition of essential adjacency, not
relying upon resultant sets (and thus applicable to non-integer polytopes as well), e.g.
the following one.

CONJECTURE 2.33. Essential adjacency is the transitive closure of adjacency of
Definition ?? (in particular, if I' < A and dim ' = dim A, then I' = A).

If mindim A = 0, then R4 = C[A] is trivial, and, instead of it, we study the set
Ds={f]|f(x) =0 and Z)\idfi(:v) =0 for some \; # 0 and x € (C\ 0)"} C C[A].
This set will help us to study the desired set of degenerate systems
B = {f]0is a critical value of f': (C\ 0)" — C"! for some I'} C C[A],

and is simpler than By (for example, it is irreducible, while B is not, and all irreducible
components of By equal Dr for certain I', see below for a short account and [?] for
details). See also [?] for more information on the set D4 for k = n—1, where its closure
is called the mized discriminant variety. The following is well known.

,,,,,,,,,

introduced for Theorem 7).

2) The set D4 is irreducible.

3) If k = 0, pairwise differences of points of A generate Z™, and D 4 is a hypersurface,
then, for a generic polynomial f € D 4, the critical point of the map f : (C\0)" — Ck+!
in f~1(0) is unique and nondegenerate.
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PRroor. Part 1 is a tautology, and reduces Part 2 to the case £ = 0. In this case,
consider the set S = {(x, f)| f(x) = df(z) = 0} C (C\ 0)" x C[A]. The projection
S — (C\ 0)" is a vector bundle of rank |A| — dim(convex hull of A) — 1, thus S
is irreducible of dimension |A| + n — dim(convex hull of A) — 1, thus its projection
D4 C C[A] is irreducible, which proves Part 2.

Moreover, if the convex hull of A is n-dimensional, and D, is a hyprsurface, then
dim D4 = dim S, and the projection S — D, is generically finite. By the Sard lemma,
a generic fiber of this projection is finite and nondegenerate. If (z, f) is a point in
such a fiber, then a straightforward computation shows that f is a smooth point of
Dy, and the covector ) ., 2%dc, is normal to T¢D4 (recall that (c,, a € A) is the
natural coordinate system on C[A] such that ¢,(f) is the coefficient of the monomial
xz%in f € C[A]). This condition uniquely defines = for a given f in the smooth part of
D 4, thus the projection S — D4 is a bijection over the smooth part of D,4. O

THEOREM 2.35 ([?], Corollary 2.32). The codimension 1 part of Ba equals the
union of codimension 1 sets Dr over all important T' (Definition 77 ).

Let ir be the index of the lattice, generated by the pairwise differences of the points
of Y T" (recall that the index of L C Z" is the cardinality of the set (L ® QNZ")/L).
Recall that we denote the Euler characteristic by e.

THEOREM 2.36. If Dr C C[A] is a hypersurface, then, for generic f in it and
generic f in C[A], we have e{f =0} — e{f = 0} = (—1)"Fipcy.

The proof is given below. From these two Theorems and Corollary 7?7 we get

COROLLARY 2.37. For generic systems f in C[A] and f in the codimension 1
part of Ba, the difference e{f = 0} —e{f = 0} equals (—1)"%ipcly, and, in particular,
is non-zero of sign (—1)"7*.

In the notation, introduced for Theorem ??, the set {f; = 0} C (C\0)! x (C\0)" is
invariant under the action of (C\ 0) on C! by dilatations, and we denote the quotient

by {fr =0}/(C\ 0).
LEMMA 2.38. 1) For every tuple f of Laurent polynomials on (C\ 0)", we have

eff =0} =2 e{fr =0}/(C\0).
2) For every face I of AI, we have ci{ => 51 Cy

,,,,,

See [?], Lemma 1.7, for Part 2, and the equality of the Euler characteristics in its
proof for Part 1.

PrROOF OF THEOREM ?7?7. By Lemma ??, Lemma ?7?(1) and the equality ir =
irg.. ,y We can reduce the statement to the case k = 0, studying the hypersurfaces
{f;v - 0}/((C\ 0) instead of the complete intersection {f = 0}. Assuming k = 0, let
M and M be the closures of the hypersurfaces {f = 0} and {f = 0} in the A-toric
variety 7' > (C\ 0)". Then M is transversal to all orbits of T', and, by Lemma ??(3),
so is M except for one nondegenerate singular point x at the I'-orbit. If f is close to
f, then M is diffeomorphic to M outside a small neighborhood U of x, and M N U is
the Milnor fiber of M at z. Thus, the desired difference e{f = 0} — e{ f =0} equals
(=1)"* times the Milnor number of M at z. Passing to the normalization 7', we have

ir points over x, and the Milnor number at each of them equals ¢4 ([?], Theorem 1.18).
a
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3 Discriminant

In Section 77, we introduce the Euler discriminant for an arbitrary morphism of com-
plex algebraic varieties (Definition ?7). For proper maps of smooth varieties, the Euler
discriminant turns out to be invariant under transversal base changes (Theorem ?7),
which is actually a matter of differential topology and can be extended to real mani-
folds.

In Section 77, we define the Bertini discriminant for a fiberwise compactification of a
morphism of complex algebraic varieties (Definition ??). If the domain of the compact-
ified map is a local complete intersection, then the Bertini discriminant turns out to be
a hypersurface under certain mild assumptions on the dimension of adjacent strata of
the compactification (Theorem ??.4). The Bertini and the Euler discriminants estimate
the bifurcation set of a morphism from above and from below respectively, and both
of them turn out to be invariant under base changes, satisfying certain transversality
assumptions (Theorem ?7.1-3).

3.1 FEuler discriminant

Let m : @ — P be a morphism of complex algebraic varieties. Whenever we make
a statement about a germ of m near p € P, we imply the existence of a complex
neighborhood of p, such that the statement is valid for the restriction of 7 to the
preimage of every smaller neighborhood. The bifurcation set of 7 is the minimal subset
B, C P such that the restriction of 7 to the preimage of P\ B, is a locally trivial
fibration. By the Hardt theorem, one can decompose P into smooth strata P;, such
that the Euler characteristic of the fiber 77!(x) equals the same number e; for all
x € P;,. Let Py be the dense stratum, and P, ..., P be the codimension 1 strata.

DEFINITION 3.1. The Weil divisor (—1)3m@=dmP S (o, VP, is called the
Euler discriminant of m and is denoted by E;.

For morphisms 7 : Q — P and f : R — P of complex algebraic manifolds, the
fiber product Q) X p R is the intersection of (graph of f) x @ and R x (graph of 7) in
R x P x @, and f is said to be transversal to m, if the smooth submanifolds (graph
of f) x @ and R x (graph of m) are transversal. We recall some standard facts about
transversality:

ProPOSITION 3.2. 1. If f: R — P and 7 : Q — P are transversal, then Q) xp R
is also a manifold, and f(R) is not contained in the set of critical values of .
2 (transitivity). If, in addition, g : S — R is transversal to the projection Q Xp R —
R, then the composition f o g is transversal to 7.

Proor. The fiber product ) xp R is smooth by definition. Without loss of
generality, transitivity can be proved for linear maps f, g, 7. This special case is obvious:
if imm +im f = P and img + f~'(im7) = R, then im fg + im 7 = P. By transitivity,
the fact that f(R) is not contained in the discriminant of = can be reduced to the case
of dim R = 0, which follows by definition. O

Recall that, for a smooth map f : R — P and a divisor D in P, the pull-back f*D is
a divisor in R that additively depends on D and is defined near x € R by the following
property: if D is locally irreducible near f(z) and given by an equation g = 0, then
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f*D = 0 whenever g o f = 0 identically, and f*D is given by the equation go f = 0
otherwise.

THEOREM 3.3 (base change). If f : R — P and a proper 7 : Q — P are
transversal, then the Fuler discriminant of the projection Q Xp R — R equals f*E,.

I. PROOF FOR A GERM f : (C,0) — (P,p). If f is a germ of a smooth curve,
transversal to the Hardt strata P; of P, then the statement is valid by definition of
the Euler discriminant. In general, the image of f intersects the discriminant of m
at an isolated point p by Proposition ??(1), and we can consider its perturbation
F : (C%*0) — (P,p), F(x,0) = f(z), such that F is transversal to w, and F(-,t) is
transversal to the Hardt strata P; for small ¢ # 0. More precisely, we choose the
product D x T C C? of two open disks, such that the restriction f; of the map F
to the disk D; = D x {t} is transversal to every P, for every non-zero t € T, both
Q xp (D xT) and Q x p Dy retract to the fiber 771(p), and E, N (D x T) retracts to p.
By transversality of F' and 7, the homeomorphism type of () xp D; does not depend
on t, thus

e(Q xXp Do) =e(Q xp Dy) fort €T.

Denoting the total multiplicity of a 0-dimensional divisor by m, we have
mfiEr =mfiE; forteT.

By transversality of f; to the Hardt strata, f;(D) intersects certain hypersurfaces P;, i €
I, transversally at isolated points p;, and does not intersect other strata, thus we have

(_1)dimediumft*Eﬂ _ Z(eﬂ_fl(pl) - 60)7

el

where e is the Euler characteristic of a generic fiber of 7. By additivity of the Euler
characteristic, the latter sum equals

Z(ew‘l(pi) —eg) =e(Q xp Dy) — e.

iel
As a result, we have

(—1)m @ Py o — (1) QP N (e () — e0) =

el

= e(Q xp Dy) —eg = e(Q xp Do) — eg = e(n}(p)) — e,

which implies the desired statement.

II. PROOF FOR ARBITRARY f. Part I allows us to reformulate the definition of the
Euler discriminant as follows. The Euler discriminant of an arbitrary proper map 7 :
@) — P is the (unique) Weil divisor D in P, such that, for every germ j : (C,0) — (P, p),
transversal to 7, the intersection number mj* D is equal to (—1)3m@-dmP(ex=1(p)_cq)
where ¢eg is the Euler characteristic of a generic fiber of 7. This definition is invariant
under transversal base changes by Proposition ?77(2). O

The study of Euler discriminants of complete intersections can be reduced to the
case of hypersurfaces by the following version of the Cayley trick.
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THEOREM 3.4. Let m be the restriction of a projection M — P to a complete
intersection {fo = ... = fr, = 0} C M. Let \g : ... : A\ be the standard coordinates
on CP*, and let o be the restriction of the projection CPF x M — M 5 P to the set
{3, Xifi=0} C CP* x M. Then we have E, = E;.

Proor. By additivity of the Euler characteristic, for every y € P we have
en Yy) = eny'(y) — ke(M). The constant term ke(M) does not affect the defini-
tion of the Euler discriminant. O

3.2 Bertini discriminant

Let m be a morphism of a complex quasi-projective scheme () to a smooth variety P.
The following notions are well known, and their various versions were studied by many
authors mentioned in the introduction.

DEFINITION 3.5. A proper morphism 7 : Q — P of a complex quasi-projective
scheme @, endowed with a collection of Cartier divisors D;, is called a properization of
7, if Q is an open subscheme of Q with 7 = T|g, and, set-theoretically, Q) = Q\ U, D;.
A point y € P is said to be in the singular locus sing 7, if it equals 7(z) such that
1) z € sing Q, or
2) the differentials of the local equations of the divisors D;, passing through x, are
linearly dependent at x.

A point y € P is said to be in the Bertini discriminant By , if it equals 7(x) such that
1) z € sing Q, or

2) the differential d7 is not surjective at x, or

3) the differentials of the local equations of the divisors D;, passing through x, have
linearly dependent restrictions to ker d7 at x.

The properization 7 is said to be c-smooth, if codimsing7 > ¢. Foramap F': R — P,
the fibered product R xp Q) is the (scheme-theoretic) intersection of R x (graph of 7)
and (graph of F) x Q in R x P x Q. The induced properization F*7 is the projection
of R xp @Q to R, endowed with the collection of Cartier divisors R x p D;.

1-smooth properizations of 7 provide convenient upper and lower bounds for the
bifurcation set B, in the sense of the following theorem. For every set I, denote
the (scheme-theoretical) intersection (7),c; D; by @ and its open subscheme (7,.; D; \

Uj¢r Dj by Q1. In particular, Qz = Q and Qy = Q.

THEOREM 3.6. 1. We have |E,| C B, C Bx.
2. If @ is 0-smooth, then By is nowhere dense. If @ = F*p, then we have By = F~1B;.
3. If, moreover, both ™ and p are 1-smooth, then we have E, = F*E,,.
4. If @ is 0-smooth and Q is a local complete intersection, then we have codim By = 1,
provided that
a) For every I such that 7(Q;) is of positive codimension, there exists J such that

7(Qy) has codimension 1 and contains w(Qr).
b) For every I, the set Qr is affine.

il

We will use it in the context where () is a complete intersection in a complex torus,
7 is its projection to a subtorus, and @ is its smooth fiberwise toric compactification,
in order to prove that generically both inclusions of Part (1) are equalities.
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PrROOF OF PART 1. The first inclusion means that all fibers of a locally trivial
fibration have the same Euler characteristic. The second inclusion follows from the fact
that, outside the Bertini discriminant 7#7%(Bz), the projection 7 defines a stratified
locally trivial fibration of the stratified space Q = | | Q1.

PROOF OF PART 2. The difference B; \ sing 7 is nowhere dense by the Bertini-
Sard theorem, and so is sing7 by O-smoothness. Let F' be the induced map of the
domain of 7 = F*p to the domain of p. Since F induces the isomorphism between
the (scheme-theoretic) fibers 77 (y) and p~*(F(y)), it preserves Conditions (1) and (2)
in the definition of the Bertini discriminant. Moreover, if these fibers are regular at
some point xz, then F preserves the restrictions of the local equations of the divisors
D;, restricted to T, 7' (y), and, in particular, preserves Condition (3) in the definition
of the Bertini discriminant.

PROOF OF PART 3. Denoting the restriction of 7 to Q; by 7 (so that 7y = 7),
we have E, = >, (—1)'E,, by the inclusion-exclusion formula and additivity of Euler
characteristic. For the restriction of E,, to P \ sing7, we have the desired equality
E., = F*E,, for every I by Theorem 7?7, because F' and p; are transversal outside
sing 7. Since codimsing 7 > 1, we have E;, = F*E, on P as well, and apply it to
every term of the sum E, =Y, (—1)'E,,.

PROOF OF PART 4. We prove that Bz has a codimension 1 component at its
arbitrary point y.

I. Let X, consist of all points z € 7;'(y), such that Q is not regular at z, or
the differential d7 is not surjective at z, or the differentials of the local equations of
D;, i € I, are linearly dependent on kerdw. Choose a maximal I such that ;, is
not empty. Since Xy, N D; C Xjugjy, for every j, the maximality of I implies that
Yry,ND; = forall j ¢ I, i e the compact set X, is contained in (;. Since the
latter set is affine (by Condition b), the set X, is finite.

IT. Without loss of generality, we can assume that |I| < dim @ — dim P. Otherwise
y is contained in the set 7(Q;) of positive codimension, thus (by Condition a) it is also
contained in 7(Q ) of codimension 1, which is in turn contained in B;.

ITI. Near a point x € Xr,, the local complete intersection (); is given by local
equations h; = ... = h;, = 0 in an ambient space C%, the divisor D; is given by the
equation g; = 0, and the fiber ﬁ;l(y) is given by the equations u;om = ... = u,om = 0,
where (uy,...,u,) is a system of local coordinates near y € P. The system of equations

hj=0,j=1,....k ¢gs=0,i€l,yyor=¢,l=1,...,p, (%)

defines a family of schemes C,, parameterized by € = (1, ...,¢,). The scheme Cj has an
isolated complete intersection singularity, because z is isolated in ¥, by Step (I), and
the number of equations in (%) is not greater than N by Step (II). Thus the family C.
is induced from the versal deformation of the isolated complete intersection singularity
Cp, then its discriminant {¢| C, is singular } C B, which contains y, is a hypersurface,
because the discriminant of the versal deformation of icis is a hypersurface. O

REMARK. If every fiber of 7 contains finitely many critical points and has the
same dimension, then the discriminant of 7 in the sense of Teissier is defined (see [?]),
and the Euler discriminant FE, coincides with its codimension 1 part. It would be
interesting to construct a common generalization of the Euler discriminant and the
codimension 1 part of the Teissier discriminant, so that it would be defined under
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relaxed assumptions on both 1-smoothness of 7 and finiteness of its restriction to the
set of critical points, and still invariant under base changes.

For instance, if we admit () with isolated complete intersection singularities and P
only 1-dimensional, then, in Definition ??, we should replace the Euler characteristic
of the fiber 7~!(x) with the sum of the Euler characteristics of the set 77 !(z) \ sing Q
and of the local Milnor fibers of @ at the points 7—!(x) Nsing Q. This version of the
Euler discriminant is invariant under arbitrary 1-dimensional base changes.

In the same way, using integration with respect to the Euler characteristic, one can
define E, for () with non-isolated singularities. E.g. assume that ) is a hypersurface
with arbitrary singularities, and denote the Euler characteristic of the local Milnor fiber
of Q at x by u(x). Define E,, replacing in its Definition ?? the Euler characteristic of
the fiber 7~1(x) with the Euler characteristic integral of the function u : Q — Z over
the fiber. Then FE, is still invariant under 1-dimensional base changes, however this
generality is already irrelevant to the topic of our paper: the example constructed in
[7] shows that we cannot anymore expect that, generically, the inclusions of Theorem
?7?.1 are equalities.

4 Toric case

We apply combinatorics of Section 2 and topology of Section 3 to study the Euler and
the Bertini discriminants of a projection of a nondegenerate complete intersection in a
complex torus, and find that the two versions of the discriminant coincide in this case.
This yields all the facts, announced in the introduction: see Section ?? for Theorems

7777, Section 77?7 for Proposition 7?7 and Section 77 for Theorem 7?7 and Proposition
??

4.1 Universal case

We now prove Theorems ?77-?7. All of them are corollaries of the following one. Let
Q C (C\ 0)" x C[A] consist of all pairs (z, f) such that f(z) = 0, and denote the
projection of @ to C[A] by p. Choose a smooth toric compactification 7" of (C\ 0)",

such that its fan I' is compatible with the convex hulls of Ay, ..., Ay, denote the closure
of @ in T x C[A] by @, the projection of () to C[A] by p, and the intersections of @)
with the closures of the codimension 1 orbits of T" by Dy, Ds,.... Consider the Euler

discriminant E, (Definition ??) and the bifurcation set B, of the projection p, and the
Bertini discriminant Bj (Definition ??) of the properization (7, Dy, Do, .. .).

~ THEOREM 4.1. If A is relevant, then E, = E4 (Definition 7?), and |E,| = B, =
Bj; (in particular, all of them are hypersurfaces).

PRrROOF. The equality F, = FE,4 follows by definition. By Corollary 77.2, the
properization (p, Dy, Ds, . . .) satisfies Condition 3a of Theorem ??, the other conditions
are satisfied by definition, thus, by Theorem ??.4, B; is a hypersurface. By Corollary
??, every codimension 1 component of By = B, participates in E, with a non-zero
multiplicity, thus |E,| = B,. The remaining equality follows by Theorem ??.1.  O.

We now use this to deduce the three theorems of the introduction.
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PrROOF OF THEOREM ??7. If mindim A < 0, then the condition f € R, is obviously
equivalent to (1) and (3), and is equivalent to (2) by Lemma ??7.4. Otherwise, by
definition of the Bertini discrimiant, B, consists of all f that satify Condition (3).

If fis in Bj, then it satisfies (2), because we have arbitrarily small f and f’, such
that f+ f is a generic point of |E,| and [+ fis outside |E,|, thus the sets {f+f=0}
and {f + fr= 0} have different Euler characteristic by definition of E,, thus at least
one of them differs from e{f = 0}. Since f satisfies (2), it also satisfies (1).

If f is not in By, then it does not satisfy (1) and (2), because it is not in B,. O

PRrROOF OF THEOREM ?7. B, is the support set of the divisor £,. O

Proor orF THEOREM ?7?. If k = 0, then, by Theorem ?7?, the left hand side
defines the divisor > ipcy Dr with I' running over all faces of A, and the right hand
side defines the same divisor by the prime decomposition theorem [?], Chapter 10,
Theorem 1.2. The case of arbitrary k£ reduces to k& = 0 by means of the equality

Ea=1lrci0,.1 EAfll)kHilIl, which follows from Theorem ??. O

4.2 General case for irrelevant A

We come back to the setting and notation of Section ?7. We restrict our attention to
the setting (I. Laurent polynomials), the other one can be treated in the same way.
Recall that mindim A is the minimum of p — dim(convex hull of A;, 4+ ...+ Az-p) over
all sequences i; < ... < i, (including the empty one).

PROPOSITION 4.2. 1) If mindim A < —c < 0, and f is (¢ — 1)-nondegenerate
(Definition ??), then the generic fiber of the projection 7 : Q@ — (C\ 0)™ is empty, the
bifurcation set is the closure of m(Q), and its codimension is at least c.

2) If mindim A = —c < 0, and [ is c-nondegenerate, then, moreover, the codimension
is equal to c. In this case, if the sum Ay + ...+ Ag is not contined in an affine
hyperplane, then a generic non-empty fiber has a non-zero Fuler characteristic.

If we empose genericity assumptions on f as generously as we wish, then the state-
ment of Part 2 is almost obvious. The aim of this proposition is to provide a strict
genericity assumption. Although one can deduce it from the results of the previous
sections (or their versions for mindim A < —1) in the same way as it is done for rele-
vant A below, we prefer to give a direct (almost) self-contained proof, illustrating some
ideas behind the complicated case of relevant A.

LEMMA 4.3. Let ¥ C (C\ 0)" x (C\ 0)" be an algebraic variety, such that
codim7(X) = ¢. Then the tropical fan of ¥ contains a linear function v : Z"®Z™ — 7
of dimension at most ¢ (Definition ?7).

PROOF. Let [ H C Z™ be the fiber polytope (Definition ??) of the convex hull of
Hy+ ...+ H, C Z"®Z™. Without loss of generality, we may assume that [ H is
not contained in a hyperplane. The tropical fan of 7(3) contains a liner function w :
Z™ — 7, whose support face in [ H is at most c-dimensional, because the set of linear
functions with higher-dimensional support faces has codimension ¢ — 1 < codim 7(X).
Since the tropical fan of 7(X) is the projection of the tropical fan of ¥ (see [?], [?]), u
can be extended to a linear function v : Z" @ Z™ — 7Z, contained in the tropical fan of
3. The dimension of v is at most the dimension of ([ H)*, which is at most ¢. O
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PrROOF OF PROPOSITION. I. If mindim A < —c¢ < 0, then (¢ — 1)-nondegeneracy
means that {f = ... = f¢ = 0} is empty for every linear function v : Z" & Z™ — 7Z of
dimension smaller than ¢, i.e. the tropical fan of () does not contain linear functions of
dimension smaller than ¢. Applying Lemma ?? with 3 = @, we deduce codim7(Q) >
¢ > 0. Thus, the generic fiber of 7 : @ — (C\ 0)™ is empty, and the closure of 7(Q) is
the bifurcation set.

II. If, moreover, f is c-nondegenerate, then, for generic affine linear functions
Iy ooy lmeon (C\O)™ and ly—ci1y- -+ lngm—k—1 on (C\ 0)™ x (C\ 0)™, the system

f[):---:fk:ll:--‘:ln—l—m—k—l:O (*)

of m + n equations of m + n variables satisfies the genericity assumption of the
Kouchnirenko-Bernstein theorem ([?]). Thus the number of its solutions equals the
mixed volume of the convex hulls of Hy,..., H,, m — c copies of the standard simplex
in Z™ and ¢+ n — k — 1 copies of the standard simplex in Z" ¢ Z™. The condition
min dim A = —c implies that these polytopes are linearly independent, thus their mixed
volume V is positive (Lemma ?7?), thus the system fo=...= fr=L=... =1, =0
is consistent for generic ly,...,l,—. on (C\ 0)". In other words, 7(Q) intersects a
generic c-dimensional affine subspace in (C \ 0)”, which implies that it has a com-
ponent of codimension at most ¢. It remains to prove that it has no components of
greater codimension.

ITI. Moreover, denoting the plane [y = ... = 1,_. = 0 by L C (C\ 0)™, consider
the set Z of pairs (z, f), such that f € Cl[Ho| @ ...®C[Hg], and z is in the intersection
of m{x | f(x) = 0} and L. Then the projection of Z to C[Hy| & ... C[Hy] is proper at
f. To prove it, consider the set Z of all pairs (y, f), such that f € C[Ho|& ... & C[Hy],
and y € (C\ 0)" x (C\ 0)™ is a solution of the system fo = ... = fr =1, = ... =
lntm—t—1 = 0. The desired properness follows from the two observations below.

1) The projection of Z to C[Ho| & ... ® C[Hy] is proper at f, because the system
(%) satisfies the genericity assumption of the Kouchnirenko-Bernstein theorem, which
assures that the system fo =...= fk =1l =...=lpim_k_1 = 0 has the same number
of solutions for every f near f.

2) The projection of Z to Z is an epimorphism near f. To prove it at a point (z, f),
note that the point z is contained in a codimension ¢ component of (@), because
it has no components of lower codimension, and components of higher codimension
do not intersect the generic plane L. Thus, the fiber of @ — w(Q) over z is at
least (¢ +n — k — 1)-dimensional, because otherwise codim ) > k + 1 at this fiber,
which contradicts the definition @ = {fy = ... = fir = 0}. Thus, the generic plane
lm—ex1 = .. = lp_m_r—1 = 0 of complementary dimension intersects this fiber at some
point y. Thus, (z, f) C Z is the projection of (y, f) C Z.

IV. Assume the contrary to what remains to prove: assume that the closure of
7(Q) has a component R of codimension greater than c¢. Consider the set S of all
consistent systems of equations hg = ... = hy = 0, h; € C[A;], denote the closure of S
by S, and the difference S\ S by 8S. The set 7(Q) is the preimage of S under the map
F:(C\0)™ — C[Ao) ®...® C[Ag], introduced before Definition ??, and the preimage
of the closure S has pure codimension ¢ by the following two reasons.

1) We have codim F~1(S) > ¢, because F'~1(S) is the union of 7{fY = ... = f¢ = 0}
over all linear functions v : Z" — Z, and codim7{f} = ... = f = 0} is estimated by
Proposition ?7.1.
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2) We have codim F'~*(S) < ¢, because codim S = ¢ by Lemma ??.1.

Thus, the closure m is strictly smaller than the preimage of the closure S, because
a component R’ of the pure codimension ¢ set F~!(S) contains the component R C
7(Q) of higher codimension.

Consider a small perturbation fo,. .., fe of fo,..., fr, the corresponding perturba-
tion F of F, and denote { fo = f, = 0} by Q For generic F, its image intersects
S and the closure of 95 properly [?7]), thus the closure of 7(Q) equals F~(S). We
summarize:

— The intersection numbers of 7(Q) and 7(Q) with L (counting multiplicities) are
equal (by the result of Step III).

— The intersection numbers of F~(S) and F~ (5’) with L are equal (apply (1) to
m{fy = ... = [y = 0} for every v, and recall that F~'(S) is their union).

- The set F~1(S) equals the closure of 7(Q), while F~(S) contains both 7(Q) and
the codimension ¢ set R', not contained in the closure of 7(Q).

Thus, denoting the intersection number (counting multiplicities) by “o

19 7’

, we have:

RoL<FYS)oL—-n(Q)oL=
:F_l(S)OL—W(Q)OL:W(Q)OL—W(Q)OL:O,

i.e. the intersection number of R’ with a generic plane of complementary dimension
equals 0, which is a contradiction. Thus, all components of the closure of 7((Q)) have
the same codimension ¢. O

By Proposition ?77.2, for mindim A < —1, the bifurcation set of m equals the closure
of 7(Q), which has codimension greater than 1, and whose tropicalization was described
in [?], [?], etc. (it equals the projection of the tropical intersection of the dual complexes
to the convex hulls of Hy, ..., Hg). Thus, the case mindim A < —1 is not interesting
in the framework of our study of bifurcation sets, and we always assume that A is
relevant in what follows.

4.3 General case for relevant A

We now choose a smooth toric compactification T of the torus (C \ 0)", whose fan T"
is compatible with the convex hulls of Aqg,..., Ax. Then every f; defines the section
fi of the A;-line bundle on T x (C\ 0)™ (see e.g. [?] for the construction of the line
bundle on a toric variety, corresponding to a polytope). We denote the codimension 1
orbits of T'by T}, j = 1,2,. .., and consider the Bertini discriminant By (Definition ??)
for the projection 7 of Q = {fo ... fx = 0} to (C\ 0)™, endowed with the divisors
D; = (T; x (C\0)™)NQ.

THEOREM 4.4. 1) Ifmindim A > —1 and f is 0-nondegenerate, then the Bertini
discriminant B is a hypersurface.
2) If, moreover, A is relevant and f is 1-nondegenerate, then we have Ex = F o E4
and |E;| = B, = Bz (in particular, all of them are hypersurfaces), and the Newton
polytope of E. equals

> MP(Hy,...,Hy... Hy,... H.
ap+...+ap=n+1




See also [?] for the computation of the Euler characteristic of the bifurcation set
B, in some simple cases.

LEMMA 4.5. If f is c-nondegenerate, then T is c-smooth (Definition ?77).

PROOF. We should prove that codim7(|J;sing@;) > c. For every I, the set
Qs has the form {f* = 0} for some linear function u : Z" & Z™ — Z that vanish
on {0} x Z™. Applying Lemma ?? with ¥ = sing @);, we have codim 7 sing Q; > ¢,
otherwise the tropical fan of (); contains a c-dimensional linear function v, which means
that {f¥ = 0} is not smooth, i.e. f is not c-nondegenerate. O
PrOOF OF THEOREM ??7. By Theorem ?7.2 (for 7 and F' as described here and
p as described in Subsection ??), we have B; = F~!(B;). By Theorem ??, B, is a
hypersurface, thus B is of codimension 1 or 0, and it remains to exclude the possibility
of zero codimension. By definition, the set B is the union of the projections of the
sets

¥, =sing{f’'=0} U { critical points of the projection of {f* = 0} to (C\ O)m}

over all linear functions v : Z" & Z™ — Z that vanish on {0} x Z™. Applying Lemma
?? to ¥ = 3, we have codim ¥, > 0 for every v, otherwise the tropical fan of >,
contains a 0-dimensional linear function u, which means that ¥, is not empty, i.e. the
projection of {f* =0} to (C\ 0)™ is not a locally trivial fibration of smooth varieties.
Since this projection is a locally trivial fibration because of dim u = 0, we conclude that
{f* = 0} is not smooth for some 0-dimensional u, which contradicts 0-smoothness.

If, moreover, 7 is 1-smooth by Lemma ?7, we can apply Theorem ?7.2 and 3 with
m and F as described here and p as described in Subsection ??7. We get E, = F o E4
and By = F~'B,. Since the B; = |E4| by Theorem ??, the desired equality follow
from Theorem ?77.1.

NEWTON POLYTOPE. Choose finite subsets By,...,B,,_1 C Z™ and generic poly-
nomials ¢g; € C[B;], and compute the Euler characteristic of the set fo = ... = fx =
g1 = ... = gm_1 = 0 in the following two ways.

I. Let us count the desired Euler characteristic fiberwise, for every fiber of the
projection {fo = ...= fr=g1=... = gn-1=0} > {1 = ... = g1 = 0}. Then,
by the characterization of the Euler discriminant, obtained on Step II of the proof of
Theorem ?7?, the Euler characteristic equals

e{g1 = ... = gm-1 =0} - e{ generic fiber of 7} +{g1 = ... = gm—1 =0} 0 E;

(recall that o is the intersection number counting multiplicities in (C\ 0)™). Denoting
the Newton polytope of E; by X, counting both FEuler characteristics by the Khovanskii
formula [?] and the intersection number by the Kouchnirenko-Bernstein formula [?],
we have (up to the sign (—1)"7%)

MV(Bi,...,Byu-1,Bi+ ...+ Bpo1) - > MV(Ag,... Agoo Ag, o At

g v

ag~+...tag=n ao ak

+MV(X,Bi,...,Bn_1).

We allow a slight abuse of notation here, writing the mixed volume of finite sets instead
of the one for their convex hulls.

35



II. Applying the Khovanskii formula [?] to the system fo=...= fr =91 = ... =
gm—1 = 0, and removing the terms that are zero by Lemma ?7, we have (up to the sign

(-1

> MV(By,....Bu_1,Bi+...4+By_1,Ho,... . Hy,... . Hy,..., H)+
—— ———

ag+...+ap=n ao ag

+ > MV(Bi....,Bu_1,Hy,...,Hy,....Hy, ... Hy).

ao+...+ap=n+1

The first term equals

MV(Bi,...,Byu-1,Bi+ ...+ Bu1) - Y MV(Ag,... Ag,... A, Ay

g g

ag+...+ar=n

an ag
by Lemma ??. Comparing (I) and (II), we have:
MV(X,Bi,....Bu_1)= Y. MV(By,...,Bu_1.Ho,... . Hy,... . Hy,..., Hy).
ag+...+ap=n+1 ag ak

By Lemma 7?7, the desired sum of mixed fiber polytopes satisfies this equation for all
By, ..., B,_1, and is uniquely determined by it. 0.

PROPOSITION 4.6. Assume that mindim A = —c and f is c-nondegenerate.
1) Assume, moreover, that ¢ > 0. The bifurcation set B, is empty if, for some non-
empty essential subtuple A; , ..., A;, of A (see Definition 77), the projection H; +. ..+
H;, — R" is injective, and is non-empty of pure codimension c otherwise.
2) Assume that ¢ = 0 (i.e. A is linearly independent). The bifurcation set is empty
if the projection Hy + ... + Hy — R" is injective, and is a non-empty hypersurface
otherwise.

Note that the condition for emptiness of the bifurcation set of {f =0} — (C\ 0)™
in the case ¢ > 0 implies that {f = 0} itself is empty.

PROOF. The codimension is computed in Proposition ??7.2 and Theorem ?7.2 for
¢ > 0 and ¢ = 0 respectively. To check emptiness for ¢ < 1, apply the criterion of
triviality of the mixed fiber polytope (Theorem ?7?) to the Newton polytope of the
discriminant, computed in Theorems 77.2. To reduce the case ¢ > 1 to ¢ = 1, take the
standard simplex C' C Z¢!, and consider A, = C x A;, Hl =Cx H, € Z- '@ Z" & Z™
and generic f/ € C[H!]. Then mindim A" = —1, and the desired emptiness assertion
for f follows from the same for f/. O

References

[ALMOO] Artal Bartolo, E.; Luengo, I.; Melle Herndandez, A.; Milnor number at infinity,
topology and Newton boundary of a polynomial function. Math. Z. 233 (2000),
no. 4, 679-696.

[ALMOO0’] Artal Bartolo, E., Luengo, 1., Melle Herndndez, A., On the topology of a
generic fibre of a polynomial function. Comm. Algebra 28 (2000), no. 4, 1767
1787.

36



[BMNO2] Ban, C.; McEwan, L. J.; Némethi, Andras; On the Milnor fiber of a quasi-
ordinary surface singularity. (English summary) Canad. J. Math. 54 (2002), no.
1, 55-70.

[B10] O. Benoist: Degrés d’homogénéité de I'ensemble des intersections completes
singulieres, Annales de I'Institut Fourier, to appear, arXiv:1009.0704.

[B76] D. N. Bernstein; The number of roots of a system of equations. Functional Anal.
Appl. 9 9 (1975) (1976), no. 3, 183-185.

[BS92] L. J. Billera, B. Sturmfels; Fiber polytopes. Ann. of Math. (2) 135 (1992), no.
3, H27-549.

[Bo04] Bodin, A.; Newton polygons and families of polynomials. Manuscripta Math.
113 (2004), no. 3, 371-382.

[Br88] S. Broughton; Milnor numbers and the topology of polynomial hypersurfaces.
Inv. Math. 92 (1988) 217-241.

[CCARDS] E. Cattani, M. A. Cueto, A. Dickenstein, S. Di Rocco, B. Sturmfels, Mixed
Discriminants, http://arxiv.org/abs/1112.1012.

[CCO07] R. Curran, E. Cattani; Restriction of A-Discriminants and Dual Defect Toric
Varieties. J. Symb. Comput. 42 (2007), 115-135.

[D06] S. Di Rocco; Projective duality of toric manifolds and defect polytopes. Proc.
of the London Math. Soc. (3) 93 (2006), no. 1, 85-104.

[DFS07] A. Dickenstein, E. M. Feichtner, B. Sturmfels; Tropical discriminants. J.
Amer. Math. Soc., 20 (2007), 1111-1133.

[E05] A. Esterov; Indices of 1-forms, resultants, and Newton polyhedra. Russian Math.
Surveys 60 (2005), no. 2, 352-353, arXiv:0906.5097.

[E06] A. Esterov; Indices of 1-forms, intersection indices, and Newton polyhedra. Sb.
Math. 197 (2006), no. 7, 1085-1108, arXiv:0906.5097.

[E07] A. Esterov; Determinantal singularities and Newton polytopes. Proc. of the
Steklov inst. 259 (2007), 16-34, arXiv:0906.5097.

[E08] A. Esterov; On the existence of mixed fiber bodies. Moscow Mathematical Jour-
nal, 8 (2008), no. 3, 433-442, arXiv:0810.4996.

[EKh]| A. Esterov, A. G. Khovanskii; Elimination theory and Newton polytopes. Func.
An. and Other Math., v. 2 (2008), no.1, 45-71, arXiv:math/0611107.

[E10] A. Esterov; Newton polyhedra of discriminants of projections. Discrete Comput.
Geom., 44 (2010), no. 1, 96-148, arXiv:0810.4996.

[FS94] W. Fulton, B. Sturmfels; Intersection theory on toric varieties. Topology 36
(1997), 335-353.

37



[G]  G. G. Gusev; Euler characteristic of the bifurcation set for a polynomial of
degree 2. Russian Mathematical Surveys, 63 (2008), no.2, 363-365.

[Gaf99] T. Gaffney, Fibers of polynomial mappings at infinity and a generalized Mal-
grange condition, Compositio Math. 119 (1999) 157-167.

[GKZ94] 1. M. Gelfand, M. M. Kapranov, A.V.Zelevinsky; Discriminants, Resultants,
and Miltidimensional Determinants. Birkhauser, 1994.

[GOO] P. D. Gonzalez Perez; Singularites quasi-ordinaires toriques et polyedre de New-
ton du discriminant. Canad. J. Math. 52 (2000), no. 2, 348-368.

[H86] M.Hall; Combinatorial Theory. Second Edition, John Wiley & Sons, New York
etc., 1986.

[J93] Z. Jelonek; The set of points at which the polynomial mapping is not proper.
Ann. Polon. Math. 58, 259-266 (1993) MR1244397 (94i:14018)

[J99] Z. Jelonek; Testing sets for properness of polynomial mappings. Math. Ann.
315, 1-35 (1999)

[J03]  Jelonek, Z.; On bifurcation points of a complex polynomial. Proc. Amer. Math.
Soc. 131 (2003), no. 5, 1361-1367.

[J03’] Jelonek, Z.; On the generalized critical values of a polynomial mapping.
Manuscripta Math. 110 (2003), no. 2, 145-157.

[JKO03] Jelonek, Z., Kurdyka, K.; On asymptotic critical values of a complex polyno-
mial. J. Reine Angew. Math. 565 (2003), 1-11.

[JO5]  Jelonek, Z., Kurdyka, K.; Quantitative generalized Bertini-Sard theorem for
smooth affine varieties. Discrete Comput. Geom. 34 (2005), no. 4, 659-678.

[K03] B. Kazarnovskii; c-fans and Newton polyhedra of algebraic varieties. Izv. RAN.
Ser. Mat., 67 (2003), no.3, 23-44.

[Kh77] A. G. Khovanskii, Newton polyhedra and the genus of complete intersections.
Func. Anal. Appl., 12 (1978), 38—46.

[K76] A. G. Kouchnirenko; Polyédres de Newton et nombres de Milnor. Inv. Math.
32(1) (1976),. 1-32.

[KOS00] K. Kurdyka, P. Orro, S. Simon; Semialgebraic Sard Theorem for Generalized
Critical Values. J. Differential Geom. Volume 56, Number 1 (2000), 67-92.

IMT] Y. Matsui K. Takeuchi; A geometric degree formula for A-discriminants and
Euler obstructions of toric varieties. Adv. Math. 226 (2011), 2040-2064.

[McDO02] J. McDonald; Fractional power series solutions for systems of equations. Dis-
crete Comput. Geom. 27 (2002), 501-529.

[McMO04] P. McMullen; Mixed fibre polytopes, Discrete and Computational Geometry.
32 (2004), 521-532.

38



[INZ90] Némethi, A., Zaharia, A.; On the bifurcation set of a polynomial function and
Newton boundary. Publ. Res. Inst. Math. Sci. 26 (1990), no. 4, 681-689.

[N12] J. Nie; Discriminants and non-negative polynomials. J. Symbolic Comput. 47
(2012) 167-191.

[OT94] L. Thanh, M. Oka; Note on estimation of the number of the critical values at
infinity. Kodai Math. J. 17 (1994), no. 3, 409-419.

[OT95] L. Thanh, M. Oka; Estimation of the number of the critical values at infinity
of a polynomial function f : C?* — C. Publ. Res. Inst. Math. Sci. 31 (1995), no.
4, 577-598.

[Par95] Parusinski, A.; On the bifurcation set of complex polynomial with isolated
singularities at infinity. Compositio Math. 97 (1995), no. 3, 369-384.

[Par97] Parusinski, A.; A note on singularities at infinity of complex polynomials.
Symplectic singularities and geometry of gauge fields (Warsaw, 1995), 131-141

[Rab97] P.J. Rabier; Ehresmann fibrations and Palais-Smale conditions for morphisms
of Finsler manifolds. Ann. of Math. (2) 146 (1997) 647-691.

[Raib12] M. Raibaut; Singularités a l'infini et intégration motivique. Bulletin de la
SMF 140, 1 (2012), 51-100.

[SieTib95] D. Siersma, M. Tibar; Singularities at infinity and their vanishing cycles.
Duke Math. Journal 80, 3 (1995), 771-783.

[St94] B. Sturmfels; On the Newton polytope of the resultant. J. Algebraic Combin. 3
(1994), no. 2, 207-236.

[StTev08] B. Sturmfels, J. Tevelev; Elimination theory for tropical varieties. Math.
Res. Lett. 15 (2008), 543-562.

[Teis77] B. Teissier; The hunting of invariants in the geometry of discriminants. Real
and complex singularities (Proc. Ninth Nordic Summer School NAVFE Sympos.
Math., Oslo, 1976), pp. 565-678. Sijthoff and Noordhoff, Alphen aan den Rijn,
1977.

[Tev07] E. Tevelev; Compactifications of Subvarieties of Tori. Amer. J. Math, 129, no.
4 (2007), 1087-1104.

[Tib98] M. Tibar; Topology at infinity of polynomial maps and Thom regularity con-
dition. Compositio Math. Ill, 1 (1998), 89-109.

[HL84] Ha Huy Vui, Lé Dung Tréng; Sur la topologie des polyndémes complexes. Acta
Math. Vietnam. 9 (1984), no. 1, 21-32 (1985).

[H89] Ha Huy Vui; Sur la fibration globale des polynémes de deux variables complexes.
C. R. Acad. Sci. Paris Sér. I Math. 309 (1989), no. 4, 231-234.

39



[HO7] Ha Huy Vui; Bifurcation set of the global Milnor fibration. Polynomial automor-
phisms and related topics, 137158, Publishing House for Science and Technology,
Hanoi, 2007.

[HT08] Ha Huy Vui, Nguyen Tat Thang; On the topology of polynomial functions on
algebraic surfaces in C". Singularities II, 61-67, Contemp. Math., 475, Amer.
Math. Soc., Providence, RI, 2008.

[HT11] Ha Huy Vui, Nguyen Tat Thang; On the topology of polynomial mappings
from C" to C™~!. Internat. J. Math. 22 (2011), no. 3, 435-448.

[296] Zaharia, A.; On the bifurcation set of a polynomial function and Newton bound-
ary. I1. Kodai Math. J. 19 (1996), no. 2, 218-233.

40



