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1 Introduction

In [9], ErdSs asked how many incidences could occur between a collection of m points
and n lines in the plane. The correct asymptotic bound was found by Szemerédi and
Trotter in [27]. They proved what is now known as the Szemerédi—Trotter theorem.

Theorem 1.1 (Szemerédi—Trotter) The number of incidences between m points and
n lines in R? is O (m*3n?/3 + m + n). This bound is tight (up to the implicit constant
in the O(-) notation).

This theorem has seen a number of additional proofs, including one by Székely
[26] which used the crossing lemma (see [1,16]). In [20], Pach and Sharir built off
Székely’sideas and proved a Szemerédi—Trotter type theorem for curves with k degrees
of freedom.

Definition 1.1 Let P C R? be a set of points and let I" be a set of simple open plane
curves. We say the collection (P, I') has k degrees of freedom and multiplicity type
C) if the following conditions hold:

e For any k distinct points from P, there are at most C¢ curves from I' passing
through all of them.
e Any pair of curves from I" intersect in at most Cy points.

Theorem 1.2 (Pach and Sharir [20]) Let P be a collection of m points and let " be
a collection of n simple open plane curves. Suppose that (P,I") has k degrees of
freedom and multiplicity type Co. Then the number of incidences between the points

and curves is
k 2k—2

O(m2k*1 n2k=1 +m + n)
The implicit constant depends only on k and Cy.

Similar bounds had previously been known in the special case that the curves in
I" were real algebraic curves of bounded degree [5, 19]. In this paper we will discuss
a variant of the above theorems that applies to certain families of points and two-
dimensional algebraic surfaces in R*. First, we will need several definitions.

Definition 1.2 Let S be a collection of two-dimensional real algebraic surfaces in R*
andlet Co > 1, k > 1 beintegers. We say that S is a Co-good collection of pseudoflats
with k degrees of freedom if the following conditions are satisfied:

(i) Every surface in S is smooth (i.e., it is a two-dimensional manifold) and can be
defined by a (single) polynomial of degree at most Co.
(i) If S, 8" € S, then |S N S| < Co.
i) If p1,..., pr € R* are distinct points, then at most Cy surfaces from S contain
each of the points py, ..., pi.

Given a collection of points P C R* and a collection of surfaces S in R*, we define
the set of incidences between P and S to be

ZP,S)={(p,S) ePxS:peS}
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Definition 1.3 Let P be a collection of points, let S be a collection of two-dimensional
real algebraic surfaces in R* andlet I C Z(P, S). We say that [ is a good collection
of incidences if whenever (p, S), (p, ') € I, we have that T,,(S) N T,,(S") = p, i.e.,
whenever two surfaces are incident to a common point, their tangent planes intersect
transversely.

We are now ready to state our results.

Theorem 1.3 (Point-surface incidences in R*) Let P C R* be a collection of m
points. Let S be a Cy-good collection of pseudoflats with k degrees of freedom. Let
n = |S|, and suppose m < nk+2/3K Let I < I(P,S) be a good collection of

incidences. Then
k 2k—2

1| < Ci(m2*=Tn2=T 4+ m +n). (1.1)
The constant Cy depends only on Cy and k.

Remark 1.1 The requirement that m < n?**2/3k is a limitation arising from our
proof techniques. We conjecture that the inequality holds for all m and n. For m > n?,
the inequality is trivial. In Sect. 10, we will discuss progress toward weakening the

above restriction on m and n.

Corollary 1.1 (The k = 2 case) Let P C R* be a collection of m points. Let S be a
Co-good collection of pseudoflats with 2 degrees of freedom. Let n = |S|, and suppose
m <n.Let] C Z(P,S) be a good collection of incidences. Then

11| = Om**n®3 + m +n). (1.2)

The implicit constant depends only on Cy.

Corollary 1.2 (2-planes in R*) Let P C R* be a collection of m points and let S be
a collection of n 2-planes in R* such that any two planes meet in at most one point.
Suppose that m < n. Then the number of point-plane incidences is

Om*3n*3 + m +n). (1.3)

We can use Corollary 1.2 to recover the Szemerédi—Trotter theorem for complex
lines in C?, which was originally proved by Téth in [29]. Note that by point-line duality
in C2, we can always assume that the number of lines is at least as great as the number
of points. Thus we have:

Corollary 1.3 (complex lines) Let P be a collection of m points and let S be a
collection of n (complex) lines in C?. Then the number of point-line incidences is

Om*3n* + m +n). (1.4)
As another corollary, we obtain a Szemerédi—Trotter type theorem for complex unit

circles in the complex plane. If z = (z1,22) € C2, we can define the complex unit
circle centered at z to be the set C, = {(wy, wp) € C?: (z1 —w)? + (z2 —w2)? = 1}.
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If we identify C? with R, then C, becomes a smooth two-dimensional surface defined
by a single polynomial of degree 4. If S is a collection of such surfaces, then S is a 4-
good collection of pseudoflats with 2 degrees of freedom. If P  R* is a collection of
points, then we can partition Z(P, S) into O(1) collections I, ..., Ip(1) so that each
is a good collection of incidences (see [23, Cor. 2.7] for details). Finally, if P C C?
is a collection of points and S C C? is a collection of (complex) unit circles, then
by point-unit circle duality we can always assume that |P| < |S|. Thus we can apply
Theorem 1.3 to each of the collections I, ..., Ip1) to conclude the following:

Corollary 1.4 (Complex unit circles) Let P C C? be a collection of m points, and
let S be a collection of n complex unit circles in C2. Then the number of point-circle
incidences is O (m?*>n%3 + m + n).

1.1 Previous Work

In [29], Té6th extended Szemerédi and Trotter’s original proof to the complex plane.
Téth’s result is specific to complex lines, so it does not (for example) apply to complex
unit circles. Solymosi and Tardos [24] gave a simpler proof of the same bound in the
special case where the point set is a Cartesian product of the form A x B ¢ C2.

Edelsbrunner and Sharir [6] obtained incidence results for certain configurations of
points and codimension-one hyperplanes in R*, and Laba and Solymosi [15] obtained
incidence bounds for points and a general class of two-dimensional surfaces in R3,
provided the points satisfied a certain homogeneity condition.

Elekes and Téth [8] and later Solymosi and Téth [25] obtained incidence results
between points and hyperplanes in R, again provided the points satisfied various
non-degeneracy and homogeneity conditions.

In [23], Solymosi and Tao used the discrete polynomial partitioning theorem
(this is [11, Thm. 4.1], also Theorem 2.2) to obtain bounds for the number of
incidences between points and bounded-degree algebraic surfaces satisfying certain
non-degeneracy and pseudoflat conditions (i.e., they behaved similarly to hyper-
planes). Aside from an ¢ loss in the exponent, Solymosi and Tao’s result resolved
a conjecture of Téth on the number of incidences between points and d-flats in R>?
(Té6th conjectured that Solymosi and Tao’s result should hold without the ¢ loss in the
exponent [28, Conj. 3]). The discrete polynomial partitioning theorem was also used
by the author in [30] to obtain incidence results between points and two-dimensional
surfaces in R3 (with no homogeneity condition), and by Kaplan et al. in [13] to obtain
similar bounds on the number of incidences between points and spheres in R.

1.2 Proof Sketch

To keep the proof sketch simple, we shall assume that the surfaces in S are 2-planes, and
that every pair of 2-planes is either disjoint or intersect transversely. The actual proof of
the theorem (presented in the following sections) will not make these assumptions. The
basic idea is as follows. By the assumption that 2-planes must intersect transversely,
there can be at most one 2-plane passing through any pair of points. Thus we can
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use the Cauchy—Schwarz inequality to obtain a rudimentary bound on the cardinality
of any collection of point-surface incidences. We will call this the Cauchy—Schwarz
bound.

Using the discrete polynomial partitioning theorem, we find a polynomial P of
controlled degree (the degree will be a suitable power of m and n) so that RN\Zg (P)
is a union of open cells, such that each cell contains roughly the same number of
points from P, and no surface from S enters too many cells (here Z (P) is the set
of points in R* at which P vanishes). We can then apply the Cauchy—Schwarz bound
within each cell. This allows us to count the incidences occurring between surfaces
and points in P\Zg(P). In order to count the remaining incidences, we perform a
second-level polynomial partitioning decomposition on the variety Zp (P). This gives
us a polynomial Q which cuts Zr(P) into a collection of three-dimensional cells,
which are open in the relative (Euclidean) topology of Zr(P). We then apply the
Cauchy—Schwarz bound to each of these three-dimensional cells. The only incidences
left to count are those between surfaces in S and points in P N Zr(P) N Zr (Q).

We can choose P and Q in such a way that Zr(P) N Zgr(Q) is a two-dimensional
variety in R*. Let S be a 2-plane from S. Then § will intersect Zg (P) N Zr(Q) in
a union of isolated points (proper intersections) and one-dimensional curves (non-
proper intersections); the case where S meets Zr (P) N Zyr(Q) in a two-dimensional
variety can be dealt with easily. The number of isolated points in the intersection can
be bounded by the degrees of the polynomials P and Q (we are working over R, where
Bézout’s theorem need not hold, so we need to be a bit careful). Thus the number of
incidences between points p € P N Zr(P) N Zr(Q) and surfaces S € S such that p
is an isolated point of S N Zr (P) N Zr(Q) can be bounded.

The only remaining task is to bound the number of incidences between points of
P NZr(P) N Zr(Q) and one-dimensional curves arising from the intersection of
Zr(P) N Zr(Q) and surfaces S € S. To simplify the exposition, we will pretend (in
this sketch only!) that Zr (P) NZRr (Q) is a disjoint union of N 2-planes, i.e., Zr(P)N
Zr(Q) = I u---uTIly. Then for each plane I1;, I1l; NS = Lg ; is a line on IT;.
It remains to count the number of incidences between P N I1; and {Ls ;}scs. The
Szemerédi-Trotter theorem for lines in R? would give us the bound

I(P N, {Ls,i}ses) = O(P N ILIPPISPPP + [P A L+ |SD). (1.5)

However, if we sum (1.5) over the N values of i, we have only bounded the number
of incidences by
ON'PIPPBISPR + 1P|+ |S)). (1.6)

Since N can be quite large (for example, if |P| = |S|, then N could be as large as
|P| 1/3), this is not sufficient. Instead, recall Székely’s proof in [26] of the Szemerédi—
Trotter theorem, which uses the crossing lemma (the crossing lemma and all other
graph-related results are introduced in Sect. 8). Loosely speaking, we consider the
graph drawing H; on I1; whose vertices are the points of P N IT;, and two vertices are
connected by an edge if there is a line from {L; s}scs passing through the two points,
and the two points are adjacent on the line (i.e., there are no points in between them).
Then the number of edges of the graph is comparable to the number of incidences
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between points and lines, and this is bounded by C(H;)!/3 Viz/ 3, where C(H;) is the

number of times two edges cross in the drawing H;, and V; is the number of vertices
of H;. Thus in place of (1.5), we have

I[(PNT, {Lsi}ses) = OUP N ILIPPICH) YR + 1PN TG+ S, (1.7)

The key insight is that
> IcH)| < ISP, (1.8)
i

Indeed, every pair of 2-planes S, S’ € S can intersect in at most one point, and since we
assumed the planes {I1;} composing Zr (P) N Zr (Q) were disjoint, the intersection
point of S N S’ can occur on IT; for at most one index i. Thus we have

> 1PN T, {Ls.ilses)

1

= 0(>_ (IPATLPRICH)IY + 1P N 1| +181))

= o((2Pnm) (X lewH) " + 3P T+ 3T1S)

1
= O(IPI*3IS1* + P+ NIS)
= Om**n*? +m + Nn). (1.9)

This is a much better bound than (1.6), and it gives us the desired bound on the
number of incidences between surfaces in S and points lying on Zg(P) N Zr (Q).

Unfortunately, the assumption that Zg (P) N Zr (Q) is a disjoint union of 2-planes
need not be true, and dealing with this difficulty will occupy the bulk of the paper. To
handle this, we must cut Zr (P) N Zr (Q) into pieces, each of which behaves like a
2-plane (more accurately, each piece is homeomorphic to an open set in R?), and we
need to prove a more general form of the (planar) Szemerédi—Trotter theorem which
gives an incidence bound for an arrangement of points of curves based on the number
of curve crossings, rather than the number of curves.

1.3 Major Tools and Techniques

We will give a brief overview of the main tools that will be used in the proof of Theo-
rem 1.3. First, we will require some results from real algebraic geometry. Specifically,
we will make use of Barone and Basu’s refined bounds on the number of sign condi-
tions of a real algebraic variety. This will be discussed further in Sect. 2.1. Polynomial
partitionings will also play a central role. These were first developed by Guth and Katz,
and later extended by Kaplan, Matousek, Safernova, and Sharir, and by the author.
These partitionings will be discussed in Sect. 2.3.

We will use some results from algebraic geometry and intersection theory. These
will be discussed in Sect. 4. We will also require some elementary results from dif-
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ferential geometry. This will be discussed in Sect. 6. Finally, we will make use of the
crossing lemma from topological graph theory. This will be discussed in Sect. 8.

1.4 Notation

Throughout this paper, C, C1, Ca, ... will denote large constants, and c, c1, ¢z, ...
will denote small (positive) constants.

Definition 1.4 We will say that A < B or A = O(B) if A < CB for some constant
C that depends only on Cy and k from the statement of Theorem 1.3, and possibly
the ambient dimension d (in the statement of Theorem 1.3 we have d = 4. However
we will sometimes state results in greater generality). Sometimes the constant C will
appear to depend on other parameters as well. However, these additional parameters
will ultimately only depend on Cp and k. If A < B and B < A, wesay A & B or
A = O(B).

2 Preliminaries: Real Algebraic Geometry and Polynomial Partitions
2.1 Real Algebraic Geometry
2.1.1 Ideals and Varieties

Unless otherwise noted, all polynomials will be (affine) real polynomials, i.e., elements
of R[x1, ..., x4]. In the first sections of this paper we will deal mainly with real affine
varieties; in later sections we will be concerned with both real and complex varieties.
Definitions and standard results about real algebraic varieties can be found in [3,4].

Definition 2.1 A (real) algebraic variety Z C R? is a set of the form Z = ﬂle {P; =0},
where Pi,..., P € R[xy,...,xq] are polynomials. Note that we do not require
varieties to be irreducible.

Definition 2.2 If J C R[xy, ..., x4] is an ideal, we define
Zrp(J)={x e R?: f(x)=0forall f e J}.
By abuse of notation, if P € R[xy, ..., x4], then we define Zr (P) = Zr ((P)), where

(P) is the ideal generated by P. Sometimes we will also need to work over C. We
define Z¢ (J) analogously, with C? in place of R4,

Definition 2.3 If Z c R? is a variety, we define
I(Z) ={P € R[x1,...,x4]: P(x) =0forallx € Z}.
2.1.2 Smooth Points and Dimension of a Real Variety

Definition 2.4 Let Z C R? be a real algebraic variety, and let z € Z. We define the
dimension dimp ;(Z) of Z at z asin [4, Def. 2.8.11]. Informally, if dimg .(Z) = e,
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then we can find a homeomorphism from a small (Euclidean) neighborhood of z € Z
to the e-dimensional cube (0, 1)¢. We define

dimg(Z) = supdimp ,(Z).

zeZ

To avoid confusion, if Z ¢ C? is a (complex) variety, we will denote the (complex)
dimension of Z by dim¢(Z).

Definition 2.5 We define the smooth locus Zgnoom as in [4, Sect. 3.3] (to be more
precise, we say a point z is in Zgmooth if z is smooth in dimension e = dimp(Z)).
Informally, if I(Z) = (f1, ..., fo) C R[xq,...,x4] and e = dimp(Z), then z € Z is
a smooth point of Z if

Vfi
rank =d—e.
V fu
Here and throughout this paper, if f € R[xy, ..., xg], then V f is the vector-valued
function (%, R %). If f € Clxy,...,xq], we can define V f similarly.

If z € Z is a smooth point, then Z is an e-dimensional real manifold in a small
(Euclidean) neighborhood of z. However the converse need not hold.

2.1.3 Real Ideals

Ideals and varieties over R can have some rather pathological properties. Luckily,
there is a class of ideals over R that behave more sanely. Confusingly, these ideals are
called real ideals.

Definition 2.6 Anideal J C R[xy, ..., xq4] is real if for every sequence ay, ..., as €
]R[xl,...,xd],a%+-~-+al% € Jimpliesa; € J foreach j =1,...,¢.

The following proposition shows that real principal prime ideals and their correspond-

ing real varieties have some of the nice properties of ideals and varieties defined over
C.

Proposition 2.1 (see [4, Sect. 4.5]) Let (P) C R[xy, ..., xq] be a principal prime
ideal. Then the following are equivalent:

(i) (P) is real.
(i) (P) =IZ(P)).
(iii) dimg(Z(P)) =d — 1.
(iv) VP does not vanish identically on Z(P).
(v) The sign of P changes somewhere on R.

Remark 2.1 In[4], Proposition 2.1 is stated in the more general language of real closed
fields. However, R is an example (indeed, the motivating example) of a real closed
field, so the proposition applies to ideals in R[xy, ..., x4].
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While not every polynomial P € R[x1, ..., x4] is a product of irreducible polyno-
mials that generate real ideals, the following lemma shows that for our applications,
we can always modify our polynomials to ensure that this is the case.

Lemma 2.1 Let f: e Rlxg, ..., xd] be a real polynomial. Then~ there exists a non-zero
real polynomial P such that deg P < deg P, Zr(P) C Zg(P), and the irreducible
components of P generate real ideals.

Proof We will prove the statement by induction on deg P. If deg P = 1, then P
is irreducible and (P) is real. Now suppose the statement has been proved for all
polynomials of degree < D. Let P be a polynomial of degree D + 1 and factor
P = Py...P,. If all the irreducible factors of P generate real ideals, we are done. If
not, then without loss of generality we can assume that (P;) does not generate a real
ideal. In particular, deg P; > 2.Let v be a generic (with respect to P) real vector.! Then
v - V Py is a non-zero polynomial of degree deg(P;) — 1, and by Proposition 2.1(iv),
Zr(P)) CZr(v-VP)).Let P’ = (v-VP))Py--- P,. Thendeg P’ < D and Zg(P) C
Zy (P'). We can now apply the induction hypothesis to P’ to find a polynomial P so
that deg(P) < deg(P’) < deg(P), and Zg(P) C Zr(P') C Zr(P). O

Remark 2.2 Examining the above proof, we see that if P € R[x, ..., x4] is a square-
free polynomial whose irreducible components generate real ideals, and if v € R? is
a generic vector, then Zg (P)sing C Zr(P) NZg(v - VP).

If deg P = 1, then Zr(P) is smooth, so this statement is not very interesting. If
deg P > 2, then v- VP is not the zero polynomial, and P and v - V P have no common
components (over R). Since P and v - VP are real polynomials, this also implies
that P and v - V P have no common components over C. In particular, this means the
variety Z¢ (P) N Zg¢ (v - V P) has codimension two. Complex algebraic varieties will
be discussed further in Sect. 4.1.2.

2.1.4 Sign Conditions

Several of the results we will cite refer to strict sign conditions or realizations of
realizable strict sign conditions. While we will not use sign conditions in our proof
directly, it is useful to understand how they relate to the objects we will be studying.

Definition 2.7 Let Q@ C R[xy, ..., x4] be a collection of non-zero real polynomials.
A strict sign condition on Q isamap o: Q — {£1}. If O € Q, we will denote the
evaluation of o at Q by og.

IfZcRlisa variety and o is a strict sign condition on Q, then we can define the
realization of o on Z by

Reali(o, Q,Z) ={x € Z: Q(x)og > Oforall Q € Q}. 2.1

I Over R one must be very careful with the phrase “generic,” but informally, a generic vector is any vector
that does not lie in a certain bad set that has smaller dimension than the entire vector space. Often the bad
set will not be defined explicitly, but will be determined from the list of properties we wish the generic
vector to have. A precise definition of a generic real vector is given in Sect. 4.2.
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We define
Yo,z = {o: Reali(o, O, Z) # 0}, 2.2)

and
Reali(Q, Z) = {Reali(o, Q, Z): 0 € g z}. 2.3)

We call Reali(Q, Z) the collection of realizations of realizable strict sign conditions
of Q on Z. Note that if some Q € Q vanishes identically on Z, then ¥o ; = ¥ and
thus Reali(Q, Z) = @.

The key observation is that if Q is a collection of non-zero real polynomials, Q¢ =
HQ co Q,andif Z C R is a variety, then every connected component of Z\Zg (Q)
is contained in some set from Reali(Q, Z).

Remark 2.3 The above observation has two implications: First, the number of con-
nected components of Z\Zg (Q) bounds the number of sets in Reali(Q, Z). Second,
suppose that P C Z is a collection of points, and at most C points from P lie in
any set from Reali(Q, Z). Then at most C points lie in any connected component of

Z\Zr (Q).

2.2 The Topology of Real Varieties: Milnor-Thom Type Theorems

In the proof below, we will find a polynomial whose zero-set partitions Euclidean
space into open cells, and we will apply a rudimentary incidence bound to bound the
number of incidences inside each cell. To apply this rudimentary bound, we will need
to control how many surfaces from S enter each cell. The theorems in this section will
give us the tools to do this.

Theorem 2.1 (Barone and Basu [2, Thm. 5], special case) Let Qp,..., Q¢ €
Rlx1, ..., xq]. Let D; = deg(Q;). Fori =1,...,¢, let Q; ={Q1, ..., Q;}, and let
V: = ﬂ’j=1 Zr(Q ;). Suppose that dimgr(V;) < e; for each index i (by convention,
Vo =R? and ey = d). Let P € R[x1, ..., x4, and let D = deg P.

Suppose that

D

2<D1 <D Dy <

< S gmmbe=D Q4

i 1
< L < 1
= a+173 = @2

and that £ < d. Then the number of (Euclidean) connected components of the set
{x e Vp: P(x) > 0}

is bounded by

4
e ej-17¢j
CD* ]_[ D , (2.5)
j=1

where the constant C depends only on d.
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Remark 2.4 The bound (2.5) is a special case of the bound from [2, Thm. 5]. In [2],
(2.5) appears as the inequality preceding Remark 1.13.

In [2], Barone and Basu consider a family of polynomials, while in our formulation
the family is just the singleton { P}. Furthermore, Barone and Basu bound the number
of connected components of all sign conditions of this family of polynomials on
the variety Vy, while we are only interested in the sign condition P > 0. Finally,
Barone and Basu state their result for semialgebraically connected components over
a real closed field. Since we are only interested in results over R, we can restrict our
attention to Euclidean connected components.

We will always be interested in the case d = 4. We shall record three special cases
that will be of particular interest to us.

Corollary 2.1 Let f, P € R[xy, ..., x4]. Suppose that

(@) dimg(Zg(f)) = 2.
(i) dimp(Zr(f) NZr(P)) = 1.

Then

e The number of connected components of {x € Zr(f): P(x) > 0}is O((deg P)?).
e The number of connected components of Zr (f) N Zr (P) is O((deg P)?).

The implicit constants depend only on deg f.

Corollary 2.2 Let f, P, Q € R[xy, ..., x4]. Suppose that f and P satisfy Properties
(i) and (ii) from Corollary 2.1, and that deg P < C deg Q. Then

o The number of connected components of
{x e Zr(f) NZRr(P): Q(x) > 0}

is O ((deg P)(deg Q)).
o The number of isolated points of

Zr(f) NZr(P) NZr(Q)

is O((deg P)(deg Q)).

Again, the implicit constant depends only on deg f and the constant C.

Remark 2.5 Corollary 2.1 (resp. Corollary 2.2) is only meaningful if the degree of
P (resp. P and Q) is much larger than the degree of f. In practice, the degree of f
will be bounded by quantities that depend only on the constants Cy and k from the
statement of Theorem 1.3, while the degrees of P and Q will grow as the quantities
m and n from the statement of Theorem 1.3 become larger.
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2.3 Polynomial Partitioning Type Theorems

In [11], Guth and Katz proved the following theorem.

Theorem 2.2 (Discrete polynomial partitioning theorem) Let P be a set of m points
in R and let D > 1 be an integer. Then there is a polynomial P of degree at most D
with the following property: RI\Zg (P) is the union of O(D%) open connected sets
(cells), and each cell contains < m/D? points of P.

After applying Lemma 2.1, we can ensure that the irreducible components of P
generate real ideals:

Corollary 2.3 Let P be a set of m points in R? and let D > 1 be an integer. Then
there is a polynomial P of degree at most D with the following property: R4\Zg (P)
is the union of O(D%) open connected sets (cells), and each cell contains < m /D
points of P. Furthermore, each irreducible component of P generates a real ideal.

Example 2.1 Consider the following collection of 72 points:

3 3
P = Jt&) i, £/, £)yu JUO, £/, £/, £)), (2.6)
j=1 j=1

and let D = 2. Then the degree four polynomial
P(x1, x2, X3, X4) = X1X2X3X4

cuts R?* into 16 open cells 1, ..., Q¢ (the cells are unbounded, but this is fine) plus
the set

4
Zr(P) = | J{xi = 0}.
i=1

We can verify that the polynomials xy, . .., x4 generate real ideals, so P is a product of
irreducible polynomials, each of which generates a real ideal. We have |2; N"'P| = 3 <
[P/ D* foreachi = 1,...,16. Thus P satisfies the requirements of Corollary 2.3
(Corollary 2.3 only specifies the degree of P up to an implicit constant, so we cannot
verify that the degree is correct). Finally, note that we have |Z N P| = 16.

Example 2.2 Let P C R* be alarge collection of points that lie in general position on
the 2-plane {x; = x» = 0}, and let D be much smaller than |P| 1/4 Then we can verify
that the polynomial P (xy, x2, x3, x4) = x7 satisfies the requirements of Corollary 2.3;
Zr(P) cuts R* into the two cells, ] = {x; > 0} and 2 = {x; < 0}. We have
Q1 NP =@ and Q2 NP = ¢J. This phenomenon is unavoidable: any polynomial P
satisfying the requirements of Corollary 2.3 must contain a factor that vanishes on the
2-plane {x; = x» = 0} (provided the points of P are in general position). Thus we
must have P C Zg(P), so each of the cells of the decomposition R\Zp (P) will be
empty.
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This example is interesting for the following reason. Let (Py, L) be a collection of
m points and n lines in R? that determine  (m?/*n*/3 +m 4 n) incidences. Consider
(Py, L1) as a collection of complex points and complex lines in C2. Now, identify
C? with R*, and let (P, S) be the corresponding collection of points and 2-planes in
R*. Then all of the points of 7P will lie on a common 2-plane, so the situation will
resemble this example.

Theorem 2.2 will be used to obtain the first-level decomposition of the point set P.
However, as seen in the above examples, many points may lie on the boundary Zr (P),
and we will need to bound the number of incidences between surfaces in S and points
on Zr(P). To do this, we shall perform a second discrete polynomial partitioning
decomposition on the algebraic variety Zr (P).

Theorem 2.3 (Polynomial partitioning decomposition on a hypersurface) Let P be a
collection of points in RY lying on the set Zr (P), where P is an irreducible polynomial
of degree D that generates a real ideal. Let E > c¢D. Then there exists a polynomial
0 € R[xy, ..., xq] with the following properties:

(i) deg Q < CE.
(i1) Q does notvanishidentically on Zr (P). In particular, dimp (Zr (P)NZr(Q)) <
d—2.
(iii) The set Zr(P)\Zg(Q) is a union of O(DE*~Y) connected components (cells).
Each cell contains at most <12\ points from P.

DEd-1
(iv) Each irreducible component of Q generates a real ideal.

The constant C depends only on ¢ and the dimension d.

Theorem 2.3 is proved in [30, Sect. A.3]. The theorem is stated in terms of realiza-
tions of strict sign conditions (discussed in Sect. 2.1.4) rather than cells. The version
stated in [30, Sect. A.3] bounds the number of points that can lie in any realization
of a realizable strict sign condition on Zy (P). However, as noted in Remark 2.3, the
version stated above follows immediately.

We can continue Examples 2.1 and 2.2.

Example 2.1' Let P, D, P, and Z be as in Example 2.1. Then Pj(xy, x3, x3, X4) = x|
is the only irreducible component of P whose zero-set contains points from P. Let
E =2andlet Q = {x», x3, x4}. Then Zr (P;)\Zg (Q) consists of the 8 octants of R3,
where we identify R? with the hyperplane {x; = 0} in R*. Each of these components
contains 2 points from P N Zg(Py), and

4
PNZr(P)N U{Xj =0}=40,
j=2

i.e., every point of P either lies in some cell of R*\Zg (P;) or some connected com-
ponent of Zy (P1)\ZRr(Q).

Example 2.2' Let P, D, and P be as in Example 2.2, and let E be much smaller than
|P|1/3. Let Q@ = {x2}. Then Zr(P)\Zg(Q) consists of the sets {x; = 0,x, > 0}
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and {x; = 0, xp < 0}. Neither of these sets contains any points from P N Zr(P);
indeed, P C {x; = xp = 0} = Zr(P) N Zr(Q). Thus Q satisfies the requirements
of Theorem 2.3, but none of the points of P lie in any cell of R*\Zg (P) nor in any
connected component of Zg (P)\Zg (Q). Sections 4-9 will be devoted to dealing with
this type of situation.

3 Proof of Theorem 1.3 Step 1: Cell Partitionings
3.1 Initial Reductions

Let P, S be as in the statement of Theorem 1.3. First, it suffices to prove Theorem 1.3
in the special case where all the surfaces S € S are irreducible. If the surfaces are
reducible, then each § € S can be written as S = S; U S, U --- U S¢(s), where
C(S) < Cyp and each S; is a smooth irreducible two-dimensional surface. Since S is
smooth, the surfaces {51, ..., Sc(s)} are disjoint.

Now, foreachi = 1,...,Cp, letS; = {S;: § € S and C(S) < i}. Then S; is
a Co-good collection of pseudoflats, and I; = I N Z(P, S;) is a good collection of
incidences. We can then consider each collection (P, S;, I;) in turn.

Henceforth, we shall assume that all surfaces in S are irreducible. We will prove
Theorem 1.3 by induction on m + n. In contrast to the proof of Solymosi and Tao in
[23], the use of induction will not introduce an ¢ loss in the exponent. The induction is
merely used to streamline the argument by controlling a few minor terms in one of the
bounds in Sect. 3.4. These terms can also be controlled through a lengthier argument
that does not involve induction. An analogue of this lengthier argument appears around
Eq. (2.9) in [30].

The base case where m + n is small is obvious, provided we choose the constant
C from Theorem 1.3 to be larger than mn.

We will frequently make use of the following classical theorem of K&vari, Sés, and
Turan from [14]:

Theorem 3.1 Let s, t be fixed positive integers, and let G be a bipartite graph with
one vertex set of size a and one vertex set of size b. Suppose that G contains no
induced subgraph isomorphic to K ;. Then G has at most O(ba'~$ + a) edges.
Symmetrically, G has at most O(ab'~'" 4 b) edges. Here the implicit constants
depend only on s and t.

From this theorem, we have that

IZ(P,S)| < mn'~Vk 4, 3.1
ZP,S)| <m'*n+m. (3.2)

In particular, we can assume
k 2
n<cm:, m<cn, (3.3)
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where ¢ is a small constant that we are free to determine later; we can make ¢ smaller
by making the constant C; from Theorem 1.3 larger. If (3.3) failed, then Theorem 1.3
would follow immediately from (3.1) or (3.2). The bounds (3.3) imply that

k 2k=2 k 2k=2
n S c2m2k—1 n2k—1 s m S 02m2k—1 n2k—1 s (34)

where ¢, can be made arbitrarily small by making the constant ¢; from (3.3) sufficiently
small. These inequalities will be useful for closing the induction.

3.2 First Polynomial Partition

Let . .

D =m4-2pn 4k-2, 3.5)
By (3.3), D satisfies the inequalities

Cy <D< C3m1/4, 3.6)

where we can make the constant C» arbitrarily large and c3 arbitrarily small by making
the constant ¢; in (3.3) smaller.

Let P be a polynomial of degree at most D such that Zg (P) cuts R* into O(D?%)
cells {€2;}, each containing O (m/ D*) points, as given by Corollary 2.3. We can assume
that P is square-free and its irreducible components generate real ideals. Let n; be the
number of surfaces in S that meet the ith cell.

Lemma 3.1

> ni < D*n, (3.7)
where the sum is taken over all cells in the decomposition.

Proof We will show that each surface in S enters O(D?) cells. Let S € S, let fs be
a polynomial so that § = Zr( fs), and let P be the partitioning polynomial described
above. We can assume that dimp (S N Zg (P2)) < 1, since otherwise S enters no cells.
The polynomials fs and P? satisfy the requirements of Corollary 2.1, so the number
of connected components of SN {P? > 0}is O(D?). Thus S enters O (D?) connected
components of R“\ZR(P), i.e., S enters O(D?) cells. O

Applying Theorem 3.1 inside each cell, we obtain

IINZ(P\ZR(P). S) < D 1PN Qiln* + >

1

Z %ng_l/k + D*n

i
<o ()Y m) T 4+ D

i i

A
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< mA—Tp 21, (3.8)

Here we used Holder’s inequality on the third line, Lemma 3.1 on the fourth line (plus
the fact that there are O (D*) cells), and the definition of D from (3.5) on the final
line.

Recall from Definition 1.4 that the implicit constants above depend only on Cy
and k from the statement of Theorem 1.3. Thus, if we select C; in the statement of
Theorem 1.3 sufficiently large (depending on Cy and k), we have

k 2k—2
I NZ(P\Zr(P), S)| < 5 (mF~Tn2k=1 +m + n). (3.9)

3.3 Boundary Incidences of the First Partition

Write
S=8uS8,, (3.10)

where Sj is the set of surfaces that are contained in Zg(P), and S; is the set of
surfaces that properly intersect Zgr (P) (since each surface is irreducible, the latter
type of intersection must have dimension at most 1).

Lemma 3.2
[ NZ(P NZr(P)smooth, S1)| < m. (3.11)

Proof Let p € P N ZR(P)smooth, and let H = T,(Zr(P)). Suppose there exist
surfaces Sy, S» € Sy with (p, S1), (p, $2) € 1. By Property (i) from Definition 1.2, p
isasmooth point of S and of §’. Since S C Zg (P), wehave T,,(S) C T,(Zr(P)) = I
Similarly, 7,,(S") C TI. On the other hand, from the definition of a good collection of
incidences (Definition 1.3), we have that T, (S) N T, (S "y = p. Thus we have two affine
2-planes, T, (S) and T,(S") which meet only at the point p, but both are contained in
the affine 3-plane I1. This cannot occur. Thus for each point p € P N Zr (P)smooths
there exists at most one surface S € S| with (p, S) € I (P N Zr(P)smooth> S1)- O

It remains to consider incidences between surfaces and points lying on Zg (P )sing.
By (3.6), we can assume deg P > 2. Let v be a generic (with respect to P) vector
and let R = v - VP. By Remark 2.2, R is not the zero polynomial, Zg (P)sing C
Zr(P) NZr(R), and dimc(Zc(P) N Zc(R)) = 2.

Let S| C S; be those surfaces contained in Zr(P)sing. If S € S| and S* is
the complexification of S (the smallest complex variety in C* that contains S), then
S* C Zc(P)NZc(R). Since dimc(Zc(P) NZc (R)) = 2, we must have that S* is a
union of irreducible components of Z¢ (P) NZ¢ (R). Furthermore, if Sy, ..., Sy € S,
then S} U --- U S/ must contain at least £ irreducible components. But by Bézout’s
theorem (discussed further in Sect. 4.5, or [12, Chap. 18]), Z¢ (P)NZc (R) can contain
at most (deg P)(deg R) < D? irreducible components. We conclude that

IS} < D2 (3.12)
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Applying Theorem 3.1 and (3.6), we have
I NZ(P NZR(P)sing, S| < D*m'? +m < m.

Thus if we choose the constant C sufficiently large depending on Cy and k from the
statement of Theorem 1.3, we have

Cy, ko 2k=2
I NI(P N Zg(P)sing. S})| < ﬁ(ﬂﬂk—liﬂk—l +m+n). (3.13)

Let S, C S; be those surfaces (contained in Zg(P)) that are not contained in
ZR (R). We must now bound [ NZ(PNZgr(P), S2)| and |[I NZ(PNZr(R), S;)|. By
Lemma 2.1, we can assume that the irreducible components of R generate real ideals.
But note that both Zp (P) and Zg (R) are the zero-set of polynomials of degree O (D),
and thus the two collections of incidences can be dealt with in the same fashion. In
the arguments below, we will prove that

k 2k—2
IINI(P NZr(P), S)| < S (mE-Tn2k=T +m +n). (3.14)
An identical argument shows that
k 2k=2
IINZ(PNZR(R), Sy)| < S (mF-Tn2=T + m + n). (3.15)

Once we have established these inequalities, we can combine the bounds (3.9), (3.11),
(3.13), (3.14), and (3.15) to close the induction.

3.4 Second Polynomial Partitioning Decomposition

We shall now establish inequality (3.14). Factor P into its irreducible components,
P = Pj--- Py, and let D; = deg(P;). Let

Pi=(PNZrP)\|JP;,

j<i

so Py, ..., P are disjoint and | P; = P N Zgr(P).
Let

Ao ={i: 1P < eanD72), A ={1,..., )\ Ao. (3.16)
The (small) constant ¢4 will be chosen later.
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3.4.1 Incidences on Varieties in Ay

We have

4k—2
U Pyl < S alip T
jeAo Jj€Ap

4k=2
< Cl/k Vkp~r
<c¢/"m, (3.17)

We will select ¢4 so that c4 << 1. By the induction hypothesis (discussed in Sect. 3.1),
we conclude that

1 ko 2k=2
1nZ(|J P;.S)| < Ci(eF TmBFTn2T 4 Cyey/*m+n).  (3.18)

J€Ao

Select the constant ¢; from (3.3) sufficiently small so that

_k  2k=2

Lo 2k—1 2k1
n<200m n

and select the constant ¢4 from (3.16) sufficiently small. Then from (3.4) we obtain

k 2k—2

INZ( | P;.S)| < {55 (mE=Tn2=T + m +n). (3.19)
J€A
3.4.2 Incidences on Varieties in A
For eachi € A, define
ko1 ,Lz
E; = |P;|3%—2n"3%2Dp, %72, (3.20)
Note that with this choice of E;, we have
1
Ei > ¢ 2 Dy, (3.21)
where ¢4 is the constant from (3.16).
By (3.5), (3.20), and Holder’s inequality,
ko 2k=2
n > DjE; <m%=Tp2=T, (3.22)

JjeA]

This fact will be used frequently.
Apply Theorem 2.3 to the surface Zg (P;) and the point set P; with the parameter
E; [here we make use of (3.21)], and let Q; be the resulting polynomial. Q; has degree
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O(E;), where the implicit constant depends only on c4, and the set Zr (P; )\Zgr (Q;) is
a union of O (D; Ei3) cells; each cell contains O (|P;|/(D; El.3)) points from P;. Again,
the implicit constant depends only on ¢4 from (3.16), which in turn ultimately depends
only on Cy and k from the statement of Theorem 1.3.

Let n; ; be the number of surfaces in S that meet the jth cell from Zg (P;)\ZR (Q;).

Lemma 3.3 For each index i, we have

Zn, i SnDE;, (3.23)

where the sum is taken over all cells in Zr (P)\Zr(Q)).

Proof We will prove that each surface in Sy enters O(D;E;) cells. Let § € S,
and let fg be a polynomial so that § = Zpr(fs). Since S € S», we have that
dimpr (SNZgr(P;)) < 1. Thus we can apply Corollary 2.2 to conclude that the number
of connected components of S N Zg(P;) N {Ql.2 > 0} is O(D; E;). This implies that
S enters O(D; E;) cells, where the implicit constants depend only on Cy from the
statement of Theorem 1.3. O

We shall now bound the number of incidences that occur in the cells €2; ;. Recall
that at the moment, i is fixed. We have

I NI(PAZR(Qi). S| S D 1Pi0 Qi jlng ;4> mij
J J

|Pi| \Kky1/k 1-1/k
(S () () "
;o Diki j

S (DENP D7 ET YR (D Ein)' VR 4 DiEgn

|P;ln' =17k
~ T g2k

i

+ D;Ein. (3.24)

Summing over all indices i € A and using (3.5), (3.20), and Holder’s inequality,
we obtain

|rPl|nl 1/k
> M AT(PAZR(C). S S 3~ + 3 Diim

ieA ieA i ieA
ko 2k=2 kK 2k=2
< Z n3k 2|7> | 3k— 2D3k 2 4 k=T p2k=1
ieA
3%k=3 _k_ 2k=2 ko 2k=2
< n3k=2m3k—2D3k=2 4 m2%k—1p2%k-1
ko 2k=2
< m2%—Tp2k=T (3.25)
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Combining (3.19) and (3.25), and selecting C; sufficiently large depending on Cy
and k from the statement of Theorem 1.3, we obtain

C Kk 2%—2
[INZ(PNZ,S)| < %(mZk—IHZk—l +m+n)

+ D IINI(P N ZR(Q)). So)l. (3.26)
ic Ay

It remains to bound the second term in (3.26).

4 A Foray into Algebraic Geometry
4.1 (Some More) Real Algebraic Geometry
4.1.1 Semialgebraic Sets
A semialgebraic set is a finite union of sets of the form
¢ 4

ﬂ Zr(R)N ﬂ{x e RY: R (x) > 0},

j=1 j=1
where Ry, ..., Rgand R}, ..., Ré, are real polynomials.

Later in our arguments we will need to consider (real) algebraic curves with finitely
many points deleted. These objects are semialgebraic sets.
4.1.2 Real and Complex Varieties
If Z ¢ C¢ is a complex variety, let
Z(R) ={(x1,...,x9) € Z: Im(x;) =0foreachi =1,...,d}.

Thus Z(R) is the set of real points of Z. Generally, we will be interested in varieties
Z < C4 that can be defined by real polynomials. Conversely, if Z C R? is a real
variety, let Z* be the smallest complex variety containing Z, i.e., Z* is the closure of
Z (after Z has been embedded into C?) in the Zariski topology on C¢. Observe that
if Z(R) is Zariski dense in Z, then Z(R)* = Z; we will only use this observation in
the special case where Z is irreducible.

4.1.3 The Zariski Tangent Space of a Variety

Definition 4.1 Let Z C C? be a variety. We define the Zariski tangent space of Z at
the point z to be

T.(Z) = {v e C4: V () =0forall f e I(Z)). .1)
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If 1(Z) = (f1,..., fe), then we can replace the condition “f(v) = 0 for all
f € I(Z)” with the equivalent condition “ fi(v) =0, ..., fr(z) =0.”

If dim(7;(Z)) = dim(Z), we say that z is a smooth point of Z. Otherwise, it is
a singular point. z € Z is a smooth point if and only if Z is a dim(Z)-dimensional
complex manifold in a (Euclidean) neighborhood of z, see [18, Chap. 1] for further
details.

4.1.4 Points Where Real and Complex Dimensions do not Agree

We will be interested in a variant of the following question. Let Z C C¢ be a variety
that can be written as an intersection of d-dimc (Z) hypersurfaces, each defined by a
real polynomial, and let z € Z(R). Suppose that dim, g(Z(R)) < dim¢ Z. Must z be
a singular point of Z? In this section, we will show that at least in some special cases,
the answer is yes. We will rely on a similar result about curves, which is proved in [7,
Sect. 6].

Lemma 4.1 Let ¢ C C3 be a space curve (a one-dimensional complex variety).
Suppose that { = Zc(Py) N Zg(P2), where Py, P> are real polynomials. Let O €
O@3; R) be a generic (with respect to Py and P») rotation (see Sect. 4.2 for the
definition of a generic rotation) and let ¢’ = O(¢). Let w: C> — C? be the projection
in the x3-direction. If z € ¢’ (R) is an isolated point, then 7w (2) is an isolated point of

(" )NHMR).

Proof The main tool we will use is Lemma 6.2 from [7]. Let ¢ C C3 be a space curve.
We say that ¢ is in generic position with respect to the projection to the (x1, x2)-plane
if it satisfies the conditions from [7, Def. 4.1]. Rather than stating the definition of
generic position here (it is quite technical), we will only state the properties we need.

First, by [7, Sect. 5.4], any curve y C C3 may be put in generic position after
applying a generic orthogonal transformation> O € O(3; R). Informally, a curve is
in generic position if no coincidences happen when the curve ¢ is projected onto the
X1, X2, or x3 axes (for example, it would be bad if two distinct singular points of ¢
projected to the same point).

In [7], El Kahoui also defines what he calls an event point for the (real) curve ¢ (R).
This includes objects such as critical points of ¢. Again, we do not need a precise
definition; the only property we will use is that the set of event points is finite, and
thus they will not be relevant to our argument.

Let ¢ € C3 be a space curve in general position that is defined by real polynomials,
andletw: C3 — C2bethe projection onto the (x1, x2)-plane. Define oy = (7 (¢))(R)
(while in general the projection of a space curve to the plane need not be a plane curve,
after applying a generic orthogonal transformation we can ensure that this is the case).

Lemma 6.2(i) from [7] relates the properties of ¢(R) and o, . In the terminology
used here, [7, Lemma 6.2(i)] says the following: if / C R is an interval that does not
contain the x-coordinate of any event point, and if 8 C « is a simple open smooth
real curve (in this case not an algebraic curve, but a smooth subset of an algebraic

2 In [7, Sect. 5.4], El Kahoui actually considers a generic affine transformation rather than a generic
orthogonal transformation, but the same argument applies.
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curve that is homeomorphic to (0, 1)), then there is a simple open smooth real curve
B’ C ¢(R) whose projection to the (x1, x3)-plane is .

We can now prove Lemma4.1. Let z € ¢/(R) be an isolated point. Suppose that x =
7 (z) is not isolated. Since O was a generic rotation, we can assume that 7 (%) = {z).
For any ¢ > 0, we can find a simple open smooth real curve 8 C 7(¢')(R) such that
dist(x, B) < € and the projection of B to the x1-axis does not contain any event points.
We can now apply lemma 6.2(i) from [7] to conclude that there is a curve 8’ C ¢'(R)
whose projection to the (x1, x2)-plane is g.

This means that for every ¢ > 0 there is a curve 8/ C ¢(R) whose projection
is e-close to 7 (z). Since ¢ (R) is closed (in the Euclidean topology) and z is an iso-
lated point of ¢(R), we conclude that the pre-image 7 ~!(x) contains at least two
points. But we assumed that this was not the case. This contradiction establishes the
lemma. m|

Corollary 4.1 Let Py, P € R[x1,...,x4], and let Z = Zc (Py) N Zc (P>). Suppose
that dimg(Z) = 2. If z € Z(R) satisfies dim, g (Z(R)) < 1, then z is a singular point
of Z.

Proof Suppose z is a smooth point of Z; we will obtain a contradiction. Let H C
C* be a generic real 3-plane passing through z, i.e., H is the zero-set of a linear
polynomial in R[xy, ..., x4]. Then H N Z is acomplex one-dimensional variety (i.e., a
curve), z is a smooth point of H N Z, and if we identify H with C3, we can write
HNZ = Z¢c(P)) N Zc(Py), where P{, P, € R[xy, x2, x3]. Furthermore, since
dim; g(Z(R)) < 1, we have dim, g ((H N Z)(R)) = 0, i.e., z is an isolated point
of (H N Z)(R). Thus we can apply Lemma 4.1 to conclude that z is a singular point
of H N Z. This contradicts the assumption that z was a smooth point of H N Z. We
conclude that z is a singular point of Z. O

4.2 Generic Points

Often in our arguments we will consider properties that hold at most places on an
algebraic variety. In this section we will make the notion of “most places” precise.
Specifically, we will introduce the notion of a generic point. We will begin with a
motivating example.

Example 4.1 Let Z C C* be an irreducible hypersurface and let P, S be the set of
points and pseudoflats from Theorem 1.3. Then a generic point of Z does not lie in P
and does not intersect any pseudoflat from S.

Definition 4.2 Let Z be an irreducible complex variety and let M be a finite collection
of polynomials, none of which vanish on Z. We say that a point z € Z is generic with
respect to M if none of the polynomials in M vanish on z. In particular, for Z and
M fixed, the set of generic points is Zariski dense in Z. In practice, the collection M
of polynomials will be apparent from context, so we will abuse notation and make
statements such as “a generic point of Z has the following properties.” Here the set of
polynomials M should be inferred from the properties we have specified.
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In general, the set of polynomials M will depend on the variety Z, the set of points
and pseudoflats from Theorem 1.3 as well as any intermediate objects that have already
been constructed, and whatever property is currently under consideration.

If Z(R) is Zariski dense in Z, then we define a generic real point of Z(R) to be
a point z € Z(R) for which no polynomial in M vanishes. In particular, if Z(R) is
dense in Z, then the set of generic real points is non-empty.

The set C* will be of particular interest, and we will consider it as both a vector space
and a complex variety. In our arguments below, we will refer to generic vectors in C*
or R*. This means that the vector is generic with respect to all of the objects defined
previously—this includes the points P, surfaces S, the partitioning polynomials P
and {Q;}, and any previously defined vectors, etc.

We will also be interested in several other generic objects:

e Generic k-planes. These are generic elements of the Grassmannian Gr(k, d; C) or
Gr(k, d; R). They will be discussed further in Sect. 6.1.

e Generic (real) rotations. These are generic elements of the orthogonal group
O (d; R) (this group has the structure of a real variety).

e Generic projections. These are projections of the form O ~!o0 O, where 7 : C¢ —
C? is the projection to the first d’ coordinates, and O is a generic rotation.

4.3 Resultants and Projections

Given two polynomials f, g € Clxy, ..., x4], we define the resultant res(f, g) €
Clx1, ..., x4—1] to be the resultant of f and g in the x4-variable, i.e., we consider f
and g to be polynomials in x4 with coefficients in the ring C[x1, ..., x4—1], and we
take the (classical) resultant of these two polynomials. If f and g have real coefficients,
then res( f, g) also has real coefficients.

If f € Clxy,...,xq], we say that f is x;-monic if the coefficient of xsegf is non-
zero. If f is xg-monic, f and g intersect properly (i.e., if dimc(Z¢(f) NZ¢c(g)) =
d—2),and if 7y : C? - €91 is the projection to the first (d — 1)-coordinates, then

ma(Ze(f) NZc(g)) C Ze(res(f, 8))-

See for example Sect. 2C from [18]. In particular, if f and g have real coefficients, f
is xg-monic, and if dim¢c (Z¢ (f) N Zc(g)) = d — 2, then

ma(Zr(f) NZr(g)) C Zr(res(f, 8)), (4.2)

and Zp (res(f, g)) is a variety of dimension at most d — 2.

Note, however, that if we only require that dimg (Zr (f) N Zr(g)) = d — 2, then
Z (res(f, g)) may be all of R4-1 For example, if f = g anddimp(Zr(f)) =d -2,
then dimp (Zr (f) NZgr(g)) = d — 2, butres(f, g) is the zero polynomial.

While not every polynomial f € Clxy, ..., x4] is xg-monic, we can usually fix
this problem by pre-composing f with a generic orthogonal transformation. More
precisely, if f € C[xy,...,x4] and if O € O(d; C) is a generic rotation, then f o O
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is x4-monic. The same statement holds if f € R[xy, ..., xqs] and O is a generic real
rotation.

4.3.1 Projections and Degree

If Z ¢ C4 is an irreducible variety of dimension < d — 2, and 7: C¢ — C9 ! is
a generic projection, then deg(w(Z)) = deg(Z), where - denotes closure in the
Zariski topology. This follows from the definition of degree given in Sect. 4.5.

4.4 Singular Points of Transverse Intersections

Let f, g € C[x, x2, x3] be square-free polynomials. If z € Z¢ (f)NZc(g), we define
the intersection multiplicity of Z¢ (f) N Z¢(g) at z to be the intersection multiplicity
of the plane curves (Z¢c(f) N H) N (Z¢c(g) N H) in H, where H is a generic plane
passing through z. The intersection multiplicity of plane curves in C? is a classical
subject and has many equivalent definitions. See [18, Sect. 5.1] for further discussion.
We will need the following properties of intersection multiplicity:

e Ifzisasmooth pointof Z¢ (f)NZc(g) andif (gg 8 ) has rank 2, then the intersection
multiplicity of Z¢ (f) NZc(g) at z is 1; this is because Z¢ (f), Z¢(g), and H form
a transverse complete intersection at z.

e f and g are square-free, z € Z¢(f) NZc(g), and if z is a singular point of Z¢ (f),
then the intersection multiplicity of Z¢c(f) N Zc(g) at z is strictly greater than 1.

Lemma 4.2 Let Y, Z be two-dimensional varieties in C* and let L CYNZbean
irreducible component. Suppose that Y is smooth, and suppose that Y and Z intersect
transversely on ¢ (i.e., Z is smooth at a generic point of y, and Y and Z intersect
transversely at a generic point of ¢). Then if z € ¢ is a singular point of Z, z must
also be a singular point of Y N Z.

Proof First, if z lies on more than one component of ¥ N Z, then z is a singular point
of Y N Z, so we are done. Thus we may assume that z only lies on the component
¢.Let Z =Zc(f), Y = Zc(g) with f and g square-free. Since Y and Z intersect
transversely along ¢, each generic point x € ¢ C Y N Z has multiplicity 1. However,
since z is a singular point of Z, Vf(z) = 0, so (;{;((ZZ))) has rank < 1. Thus z is a
singular point of ¢. O

4.5 Degree and Bézout’s Theorem

Definition 4.3 Let Z C C¢ be a pure-dimensional variety (i.e., all of its irreducible
components have the same dimension). We define the degree of Z tobe |ZN H|, where
H is a generic linear space of dimension d-dim¢ (Z). This definition is independent of
the choice of (generic) hyperplane; see [ 12, Chap. 18] for further details. In particular, if
Z =Z¢(f), thendeg Z < deg f.If Z € C? is a hypersurface (a (d — 1)-dimensional
variety), we can write Z = Z¢ (f) forsome f € Clxy, ..., xg] withdeg f = deg(Z).
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We will make frequent use of Bézout’s theorem, which gives us quantitative control
on the complexity of the intersection of two varieties. There are many variants of this
theorem. We will state a version below that is sufficient for our needs.

Proposition 4.1 (Bézout’s theorem for properly intersecting varieties ) Let Y, Z C C¢
be pure-dimensional varieties, and suppose that

dim¢(Y N Z) = dim ¥ + dim Z — d. 4.3)

Then
deg(Y N Z) < deg(Y)deg(Z). “4.4)

In particular, if (4.3) holds and if dimY +dim Z = d, then Y N Z is a finite set, and
it has cardinality at most deg(Y') deg(Z2).

Remark 4.1 The proposition above is Example 12.3.1 from [10], which is itself a
special case of Theorem 12.3. In Example 12.3.1, the LHS of (4.4) is replaced by the
sum of the degrees of the irreducible components of ¥ N Z. However, our definition
of degree (Definition 4.3) allows for a variety to have several irreducible components,
so (4.4) coincidences with the statement in [10].

We will also need a version of Bézout’s theorem when the varieties do not intersect
properly. For simplicity, we will only state a special case.

Proposition 4.2 (Bézout’s theorem for non-properly intersecting varieties; special
case) Let Y, Z C CY be pure-dimensional varieties. Then the number of isolated
points of Y N Z is at most deg(Y) deg(Z).

This is another special case of Example 12.3.1 from [10]. In [10], Fulton defines
a distinguished component of the intersection Y N Z, and then proceeds to bound
the number of distinguished components. Isolated points of ¥ N Z are distinguished
components of the intersection, so the bound applies here.

Finally, we will need a version of Bézout’s theorem with multiplicities for plane
curves. This is also a corollary of Example 12.3.1 from [10]. We will first introduce
the notion of multiplicity of a plane curve at a point and multiplicity of an intersection
of plane curves.

Definition 4.4 Let { C C? be an algebraic curve and let z € C2. We define the
multiplicity of ¢ at z, mult,(¢), to be the order of vanishing of f at z, where f is the
unique (up to scalar multiples) square-free polynomial such that ¢ = Z¢ (f).

Definition 4.5 Let ¢, ¢’ C C? be algebraic plane curves that have no common com-
ponents, and let z € ¢ N ¢’. Then there is a number m, = mult,(¢ N ¢’) with the
following property. For all sufficiently small open Euclidean neighborhoods U of z, z
is the unique point in U N ¢ N ¢’. For each such neighborhood U, there is a number
e > 0 so that if v is a generic vector in C* with |v| < &, then U N (¢ +v) N ¢ isa
union of m points. In short, if we shift ¢ by a small generic vector v, then the point
z € £ N ¢’ splits into mult, (¢ N ¢’) distinct points.
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Proposition 4.3 (Bézout’s theorem with multiplicity for plane curves) Let ¢, ¢’ be
plane curves with no common components. Then

> mult,(¢ 1) < (deg¢)(deg ).

ze¢ene!

4.6 Controlling the Singular Locus of a Surface

Lemma 4.3 Let P, Q € Clxy, ..., x4] be polynomials, and suppose that Z¢c(P) N
Zc(Q) is a complete intersection. Then there is a curve y of degree
O((deg P)*(deg 0)?) so that (Z¢(P) N Zc(Q))sing C ¥-

Proof This is a special case of the general fact that if Z C C is an irreducible
variety, then there is a variety of degree O((deg Z)?) and dimension < dim Z that
contains Zsing. However, there do not appear to be any easy references to this fact in
the literature, so we will briefly sketch the proof of Lemma 4.3 here.

After a generic change of coordinates, we can assume that P and Q are x4-monic,
and thus 7(Z¢c(P) N Z¢c(Q)) C Zc(res(P, Q)). Recall from Sect. 4.1.3 that the
singular points of Z¢ (P)NZc (Q) are precisely those points at which Z¢ (P)NZc (Q)
fails to be a complex manifold. Thus 7 ((Z¢ (P)NZc (Q))sing) C (Z¢ (res(P, Q)))sing-
But Z¢ (res(P, Q)) is a surface in C? of degree at most (deg P)(deg Q), and thus we
can write Z¢c(P) N Z¢c(Q) = Zc(f), where f € Clxy, x2, x3] is a square-free
polynomial of degree at most (deg P)(deg Q).

We can now find a polynomial g € Clxy, x2, x3] so that Z¢c(f) N Z¢(g) is a
complete intersection, and Z¢ (f)sing C Zc (f)NZc(g). Briefly, we do this as follows.
Let v € C3 be a generic vector, and let g = v - V f. Then (Zc(f))sing C Ze(f) N
Z(g). Furthermore, Z¢(f) N Z¢(g) is a complete intersection; if this were not the
case, then g must vanish identically on some irreducible component of f. But since v
was chosen generically, this implies that V f vanishes identically on some irreducible
component of f, and this contradicts the assumption that f was square-free.

Let g/ (x1, x2, x3, x4) = g(x1, x2, x3) andlety = Z¢c(g)NZc(P)NZc(Q). Then
(Z¢(P) C Zc(Q))sing C v, and y is a curve of degree O((deg P)2(deg 0)?). O

4.7 Branches of Algebraic Curves

Frequently, we will need to bound the number of point-surface incidences I C Z(P, S)
when the points lie on a one-dimensional algebraic curve ¢, and the surfaces meet that
curve in a one-dimensional intersection (which need not be all of ¢, since generally
¢ will not be irreducible). The idea is that if a point p € P lies in {smooth, then there
can be at most one surface S € S that is incident to p and for which S N ¢ contains
an irreducible component of ¢ containing p. However, if p € {sing, then potentially
many surfaces S € S can have this property. We need to bound how many surfaces
there can be. This is controlled by the number of branches of ¢ at the point p. We
recall [17, Lemma 3.3]:
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Lemma 4.4 Let z be a non-isolated point of a real or complex one-dimensional vari-
ety V. Then a suitably chosen (Euclidean) neighborhood of z in 'V is the union of
finitely many branches which intersect only at z. Each branch is homeomorphic to a
(Euclidean) open interval of real numbers (if V is a real variety) or a (Euclidean)
open disk of complex numbers (if V is a complex variety).

Definition 4.6 For z € ¢, let G;(¢) be the number of branches of ¢ through z. For
example, if z is a smooth point of ¢, then G,(¢) = 1.

Lemma 4.5 Let ¢ C C? be an algebraic curve. Suppose z € ¢(R) is a non-isolated
point. Then the number of real branches of ¢ (R) through z is at most the number of
complex branches of ¢ through z.

See e.g. [17, p. 29].

Lemma 4.6 Let ¢ C C? be an algebraic curve. Then

> G(0) < (deg)™. 45)

2€&sing

Proof The main observation is that if 7: C¢ — C? is a generic projection, then
G;(¢) < Gn(z)(Tg)). Thus it suffices to prove the result for plane curves. However,
if ¢ isaplane curve, then G, (¢) < mult,(¢), where mult, (¢) is given by Definition 4.4.
We have that

D, mult;(¢) < (deg)”.

Zegsing

See, i.e., [21, (7) on page 54] for a discussion of this formula. Equation (7) on p. 54
of [21] defines the genus of an irreducible complex plane curve ¢ to be

J(deg¢)(degg — 1) — 5 > mult, (¢) (mult,(£) — 1),

where the sum is taken over all multiple points of the curve. Since the genus is non-
negative, this implies

> mult, (¢)(mult; () — 1) < (deg¢)(deg s — 1),

so in particular

> mult;(¢) < (deg¢)’.

It remains to extend this result to reducible curves. But this follows from Bézout’s
theorem for plane curves (Proposition 4.3). Factor ¢ = ¢ U - - - U ¢ into irreducible
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components. If z € ¢, then mult,(¢) = Zle mult, (Z;). We have

> mul@) <> > multGng)+ Yy, > mult(s)

zeg: mult;($)>2 i<i' z€GNg;r i zegi: mult (g)>2
< D (deggi)(deg &) + D (deg &)’
i<i’ i

< (deg?)?.
O

Later in our proof we will be given a collection of Euclidean connected components
of real algebraic curves and a collection of bad points on these curves. We will need
to remove these bad points to obtain a (possibly larger) collection of curves. The
following observation bounds the number of additional connected components that
are created in this process. In essence, it says that when you remove a point from an
interval, you are left with two connected components.

Lemma 4.7 (Real branches and connected components) Let ¢ C C¢ be an algebraic
curveandleto C ¢ (R) be a semialgebraic set. Supposethatz € a anddimp () = 1.
Then

bo(a\z) < bo(a) +2G (@) < bo(er) +2G (%), (4.6)

where by(X) is the number of Euclidean connected components of the set X.

4.8 Incidences on Algebraic Curves

The following lemma will be used frequently to bound the number of incidences
occurring on various bad sets.

Lemma 4.8 (Incidences on a curve) Let { C C* be an algebraic curve. Let P C R*
be a collection of points, and suppose P C {(R). Let S be a Cy-good collection of
pseudoflats (in R*), and let I C (P, S) be a good collection of incidences. Let

I' ={(p,S) € I: p lies on a one-dimensional component of S* N ¢,

and p is a smooth point of this component}.

Then
11| < [Pl + (deg )™ (4.7)

Proof If p € ¢ is a smooth point, then p can be incident to at most one surface in S.
Otherwise, there can be at most G, (p) surfaces S € S with (p, S) € I. The result
now follows from Lemma 4.6. O

We are now ready to return to the task of bounding incidences on the surfaces
Zr(P) NZr(Q).
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5 Proof of Theorem 1.3 Step Two: Incidences on a Surface in R4

Let
Io=1n|JZ(P NZr(Q0), S).

The goal of the following sections is to bound |/p|. The basic idea is that problems
occur when surfaces S € S; intersect Zr (P;) N Zr(Q;) in one-dimensional curves,
and many points lie on these curves. We will first deal with the incidences where this
does not occur. Let

16 = {(p, S) € Iy: p is an isolated point of
SNZr(P;) NZr(Q;) for some index i},
I§ = I\,

By Corollary 2.2,

¢ kK 2k=2
115l Sn " DiE; SmA=Tn2k=T, (5.1)

i=1

The real difficulty will be to bound |/].

Foreachi =1,...,¢,let V; = Z¢c(P;) NZc(Q;), and let V = | J; V;. For each
S € &, S*NV is aunion of isolated points and irreducible one-dimensional varieties
(scheme-theoretically, S* N V may contain curves with embedded points, but we are
only looking at the intersection set-theoretically).

If y is an irreducible one-dimensional variety from the above decomposition, we
define i (y) to be the smallest index i so that y C V;. Foreachi =1, ..., £, define

I's; = {y an irreducible component of S* NV, i(y) =i},
Iy ={y € Ts;: dimp(y(R)) = 1}.

Recall that we have partitioned the points 7 N V in a similar fashion into the sets
{P;}. Thus, if (p, S) € I§ and p € P;, then at least one of the following two things
must happen:

e There exists y € 'y ; sothat p € y.
e There exists an index j > i and some y € I'§ ;80 that p € y. In addition, y N'V;

is a discrete set.

We will now describe several different types of incidences, and bound each type in
turn
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5.1 Different Types of Curves and Incidences

Let

i

F.(S’} = {V € F;,i: vy C (Vi)sing},

5} = {y € Ti\L§): Te(Vi) = T (S) for a generic point x of y},
) (1) (2

FS,i = F;,i\(rs,i U FS,i)'

We will now define several types of incidences. Let

as = U U V. (5.2)

i yely;

Note that if (p, S) € I§ and p € (&s)smooth» then there is a unique index j and a
unique curve y € I'§ j that contains p. If it is clear from context, we will simply call
this curve y. Define

I ={(p,S) € Ij: p € (@5)sing}

L ={(p.S) € Ig\I: p € Pi,y €'y ; for some j > i},
L={(p.S)elj\li: pe Py Ty},

L={(p.S) € {\Ii: pePiy e T{),

Is={(p.S) € {\I1: p € Py €T§). p € Vidsing),
Ie={(p.S) € {\Ii: p € Pi.y €T}, p € (Vi)smooth])-

The above definitions make reference to an index i. What we mean by this is that the
condition must hold for some index i.

We will now bound the incidences /1, . .., Is. Bounding /¢ will require significant
new tools, so this will be done in Sect. 7.

5.2 Bounding Iy, I, I3: Counting Singular Points on Algebraic Curves

We will begin with ;. For each S € &), ag is an algebraic curve of degree
O(Zf=1 D;) = O(D). Thus it has at most O (D?) singular points, so

5 ko 2k=2
| SnD” S m2k—1p2k-1, (5.3)

Next, we will see that I isempty. Fix § € S». Let p € P; and suppose the following
conditions hold:

e p lies on only one irreducible component (i.e., one curve) y of S* N V.
e p is a smooth point of y.
e yc€ l";.j for some j > i.
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Then p is an isolated point of $* N V;,s0 (p, S) € Ié. In particular, this implies that
(p, S) ¢ I,. We conclude that
|I>| = 0. 5.4)

We will now bound /3. For each index i, use Lemma 4.3 to find a curve ¢; of degree
O((D; E;)?) that contains (Vi)sing- Apply Lemma 4.8 to bound

1] < D" (1P + D _(deg 1)?)

1

Sm+ Z(Di Ep*
i

<m+ (ZDiEi)4

l
k_ 2k=2
Sm+m2k—1p2k-1, (5.5)

In the second last line we used the observation that D; E; > 0 for each index i. In the
last line we used the assumption that m < nCk+2)/3k Thus we have

k 2k—2
1] < mF—Tp2k=1 4 m. (5.6)

Remark 5.1 (5.5) and (5.9) are the only two places where we use the assumption that
m < n@k+2)/3k Thys, if these two arguments could be avoided, we could remove the
restriction that m < n@+2/3k i the statement of Theorem 1.3. This will be discussed
further in Sect. 10.1.

5.3 Bounding I4: Tangential Surface Intersections

Lemma 5.1 Let W C C? be an irreducible variety, and let R € C[x1, ..., xq] be a
non-zero polynomial. Suppose that R vanishes on W. Then there exists a polynomial
R with the following properties:

(1) deg R < deg R.

(2) R vanishes on W.

(3) VR does not vanish identically on W.

Proof (sketch) The proof follows similar ideas to the proof of Lemma 2.1, so for
brevity we will only sketch it here. For each variety W, we will prove the result by
induction on deg R. If deg R = 1, then VR is non-zero everywhere, so we are done.
Now suppose the result has been proved for all polynomials of degree at most D, and
let R be a polynomial of degree D + 1. Suppose VR vanishes identically on W. Let
v be a generic vector. Then R' = v - VR is not the zero polynomial, and R’ vanishes

identically on W. We can thus apply the induction hypothesis to R’. O
Lemma 5.2 Foreachindexi =1, ..., ¢, we have the bound
{(p. S) € Is: p € P;}| S nD;E; + D}E} + |P;]. (5.7)
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Proof Let {V; ;} be the irreducible components of V;. For each index j, let P; ; be
the points of P; lying in V; ; that have not already been placed in some previous P;
with j* < j. Similarly, for each curve y € Fg, let j(y) be the smallest index so that

y C V. Define

2 2 . .
rg) ={r el jn) =jh

We will divide the incidences of /4 into several types. Define

IA/L ={(p,S) € I4: p € (V})smooth}-

From tangent space considerations (see Lemma 3.2) we have |I;| < |P;|. If p € P;,

and (p, S) € I4\1}, then p is incident to precisely one curve y € T’ gzl) Define

2
Iy ={(p.S) € l4: p € Vidsing: P € Pij, v € ng,?,j},

2 . .
I ={(p,S) €ls: p€ (Vi)sing, P E€Pij, ¥ € Fé’?’j, for some j' > j}.

We will first consider 1;”. If (p, y) € 1", then p is an isolated point of S* N V; ; (if
not, then the incidence p would have been counted in 7). Applying Proposition 4.2,
we have

|| < Z Z(number of isolated points of S* N V; ;) < nD; E;. (5.8)
SeS, j

It remains to count I;'. Fix j. Let 15,-, ;j be the polynomial obtained by applying
Lemma 5.1 to the polynomial P; and the variety V; ;. Let ¢; ; = Zc(f’,',j) NVij.
If p € Vi j\¢,; and if (p,S) € 1}, then T, S must lie in Tp(Z(C(f),-)j)), which is a
three-dimensional vector space. Thus, for each point p € V; ;\(; ;, there can be at
most one § € S, with (p, S) € I, so the total number of incidences of this type is at
most |P;].

Finally, ¢; ; is a curve of degree O(D,.ZEI-), so by Lemma 4.8, the total number
of incidences (p, S) € I} with p € ¢ ; is O(D;‘Ei2 + |P;]). We conclude that
|1]| < DYE? +|Py). O

Summing the bound (5.7) over all indices i and using the assumption (from the
statement of Theorem 1.3) that m < n(2k+2)/ 3]‘, we obtain the bound

k_ 2k=2
[14] S m2k=1p2k=1 4+ m. (5.9)

5.4 Bounding Is: Transverse Surface Intersections

Lemma 5.3 Let Y C C* be a smooth bounded-degree two-dimensional variety, and
let W C C* be a two-dimensional variety. Let T be the set of irreducible one-
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dimensional components of Y N W. Let
I’ c {y € I': z € Wymooth and T, (Y) # T;(W) for generic z € y}.

Then

D 1y 0 Waing| < C(deg W + (D (deg))’). (5.10)
yel” yel

where the constant C depends only on deg Y.

Proof Let v € C* be a generic vector and let 77, : C* — C3 be the projection in the
direction v. Let
Y' =n, (o, (Y)).

Then since v was chosen generically with respect to ¥, YT is a smooth three-
dimensional variety of degree deg(Y). Furthermore, Y™ N W is a one-dimensional
curve, and each y € T is a (irreducible) component of Y N W. Let ¢ be the
union of all irreducible components of ¥ N W that are not contained in Y. We have
deg¢ < deg(YT N W) < C deg W, where the constant C depends only on deg Y.

Let y € I, and let z € y N Wiing. Then 7,(z) € m,(Y") = 7y(Y) and z €
7y (Wsing) C 77y (W )sing. Note as well that 7, (Y) and 7, (W) intersect transversely at
a generic point of m,(y). Thus by Lemma 4.2, we have that 7 (z) is a singular point
of 7, (Y) N, (W). But this implies that z is a singular point of YT N W. In particular,
at least one of the following three things must occur:

zeCNY, (5.11)
or
Z € Vsings (5.12)
or
ze€ U yny'. (5.13)
v'el, y'#y

Now, considering all y € I'’, we conclude there can be O (W) points of the form
(5.11), at most ZVEF’ (deg y)? points of the form (5.12), and at most (Zyer (deg ¥))?
points of the form (5.13). This establishes (5.10). O

Applying Lemma 5.10 to the sets {V;} and bounded-degree smooth surfaces
(§*: S € S}, with TV = I‘g?, we conclude that

Is| Sn ) DiEi+nY D}
i i

k 2k—2
< mBETp 21, (5.14)

It remains to bound |/s|. Doing so will require several new tools, which we will
discuss in the next section.
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6 Interlude: The Gauss Map of a Variety
6.1 Grassmannians and the Gauss Map

Let F = RorC.If vy,...,v € F4 are vectors, let (v1,...,v) C F4 be the
vector space spanned by vy, ..., vx. In practice, the vectors vy, .. ., vg will be linearly
independent. Let Gr(k, d; F) be the Grassmannian of k-dimensional vector subspaces
of F4. We will identify elements of Gr(k, d; F) with planes in F¢ passing through
the origin, and we will usually use the variable IT for these planes.

Gr(k, d; C) has the structure of a projective variety (see, i.e., [12, Chap. 6]).
Gr(k,d; F) is a smooth variety and also a smooth (real or complex) manifold. If
IT € Gr(k,d; F), then Ty Gr(k, d; F) is the tangent plane to Gr(k, d; F) at I1, and
T Gr(k, d; F) is the tangent bundle.

If T1, T1" are vector spaces, let IT + IT" denote the sum of the two vector spaces. We
have

dim g (IT 4 IT") = dim(IT) + dim g (IT") — dimz(IT N IT').

Definition 6.1 If 1" € Gr(d — k, d; F), let

A = {1 € Gr(k,d; F): dimp(IT + 1) < d}. 6.1)
Ary is a codimension-one subvariety of Gr(k, d; F).
6.1.1 Orientation

When working over R, we will frequently consider pairs of vector spaces (IT, IT")
with IT € Gr(k,d;R) and IT" € Gr(d — k,d,R). If [T = (vy,...,v) and IT" =
(Vk+1, - .-, Vq), Where vy, ..., v and vg41, ..., Vg are orthogonal unit vectors, then
dimp(IT + IT") < d if and only if det(vy, ..., vy) = 0. If dimg(I1 + IT) = d, we
wish to make sense of the expression det(IT, IT').

A reasonable first definition would be to define det(IT, IT") = det(vy, ..., vg).
While the magnitude | det(TT, IT")| is well defined, the sign is not—if we permute two
vectors from {vy, ..., vr} or {vgs1, ..., vg}, then the sign of the above determinant
changes.

Ideally, we would like to find continuous functions v;(Il), ..., vx(IT) and
v 1(IT), ..., va(IT) so that we can define

det(IT, IT') = det(vy (1), . . ., vi (1), ves1 (IT)), va (T1)). 6.2)

While we cannot do this globally, we can do so locally.

Lemma 6.1 Fix I1g € Gr(k,d; R) and 1'[6 € Gr(d — k,d,R). Then there exist
small neighborhoods U C Gr(k,d; R) and U’ C Gr(d — k,d;R) of I and TT',
respectively, and functions vy, ..., vx: U — R4, Vktls ..,V U — R4 so that
vi(TD), ..., v (T1) and v+ (IT), . . ., va (IT") are orthogonal unit vectors, and

= (vi(T), ..., ue(D), M= (V1 (IT), ..., va(IT)).
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We can now make sense of the expression (6.2). This observation will be used in the
next lemma, which is an analogue of the intermediate value theorem. In this lemma it
is essential that we work over R.

Lemma 6.2 (Intermediate value theorem) Let 1y € Gr(k, d; R) and 1'[6 e Gr(d —k,
d; R). Then we can find a neighborhood U C Gr(k, d; R) of Tl so that the following
holds. If n: [0, 1] — U is continuous, and if

(det(1(0), IT")) (det(n(1), IT")) <0,

then there exists t € (0, 1) so that n(t) € Ary.

Proof Let U be the neighborhood of Ty from Lemma 6.1, and let vy (IT), ..., vg(IT)
and vg41(IT"), ..., vg(IT) be the corresponding unit vectors. Then the function

@) = deti(n(®)), ..., (1)), vi1(TTp), . .., va(IT)) (6.3)

is continuous, and f(0) f(1) < 0. So by the intermediate value theorem, we can find
t € (0, 1) with f(z) = 0. But this implies that n(¢) € AHB' O

6.1.2 The Gauss Map and Gauss Image of a Variety

In this section we will define the Gauss map and discuss a few of its properties. Further
information can be found in [12, Chap. 15].

Definition 6.2 Let Z C C? be a k-dimensional variety. For each point z € Zsmooths
we define the Gauss map

G(z;Z2) = T:(Z) € Gr(k,d; C), (6.4)
and the extended Gauss map
G'(z:2) = (2. T.(Z)) € C? x Gr(k, d; C). (6.5)

Following notation from [12], we define F(Z) to be the Zariski closure of
G (Zsmooth; Z), and we define F'(Z) to be the Zariski closure of GT(Zsmooth; 7).

6.1.3 Some Transversality Arguments
Let Z C C be a k-dimensional variety, and let { C Z be an irreducible curve, with

¢ & Zsing. We will be interested in the tangent planes to Z at points z € ¢. To make
this more precise, define

Gz = G N Zsmooth; Z)-

The idea is that Gz  is the closure of the set of k-planes tangent to Z at some point
2 € £ N Zsmooth- Gz,¢ 1s a variety of dimension at most one.
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Lemma 6.3 Let T1 € Gr(k,d; C), and let v € Tr(Gr(k, d; C)) be generic (with
respect to T1). Then the variety

X, :i= {Il" € Gr(d — k,d; C): IT € (A1) smooth, v € Tr1(Am)}
is a subvariety of Gr(d — k, k; C) of codimension > 2.

Proof Thisis simply the observation that the requirements I1 € Ay andv € T (Ary)
are independent constraints on IT'.

More precisely, note that {IT" € Gr(d — k, d; C): I1 € Ay} is a codimension-one
subvariety of Gr(d — k, k; C) (indeed, it is isomorphic to Ar) that contains Xty y.
Suppose there is some irreducible component Z C {I1' € Gr(d —k, d; C): 1 € Ay}
that is contained in X ,. In particular, this would imply that the set {IT' € Z: IT €
(A1) smooth} 18 Zariski dense in Z.

If Z is contained in X, this implies that for a generic choice of v €
Tri(Gr(k, d; C)), wehave v € Trj(Apy) foradense set of [1" € Z. This implies that for
adensesetof I[1" € Z,v € T (Apy) for generic (and thus every) v € Tr (Gr(k, d; C)).
But, if T’ is a smooth point of Z, then the tangent plane Tr;(Z) has codimension-one
in TnAp.

We conclude that no irreducible components of {I" € Gr(d —k, d; C): 1 € A/}
can be contained in X17_,. Thus the codimension of X, in Gr(d — &, k; C) is at least
two. O

Lemma 6.4 Let Z C C? be a k-dimensional variety, and let { C Z be an irreducible
curve, with { ¢ Zging. If we select a generic (with respect to Z and ¢) element T €
Gr(d —k, d, C), then for all pairs (z, I1) with z € Csmooth N Zsmooth, (2, [1) € Fi(2),
and I1 € Ay, we have that Il is a smooth point of Ary, and Gz ¢ is transverse to Ary
at T1.

Proof The idea is the following. For each point z € ¢ N Zgmooth, there is a unique
tangent plane 7,(Z) € Gr(k, d; C). The set of all such points forms a curve « in
Gr(k, d; C) (technically, we need to take the closure of this curve in the Zariski topol-
ogy). Now, given a (d — k)-plane IT" € Gr(d — k, d; C), we can ask: does the variety
Ay meet the curve « tangentially? We will show that for generic IT" € Gr(d —k, d; C),
the answer is no. The reason is that for each point I1 € «, the set of planes
IT" € Gr(d —k, d; C) that hit the point IT and that are tangent to « at I'T are contained in
a codimension-two subvariety of Gr(d — k, d; C). Since « is one-dimensional, the set
of planes I1’ that are tangent at some point I1 € « is contained in a codimension-one
variety. This means that generically, this does not happen.
Now for the details. Let

M = {((T1, v), IT') € (T Gr(k, d: C)) x Gr(d — k, d; C):
MeGze, veTn(Gzye), I € (An)smooth, v € Tn(Am)}.  (6.6)

We wish to show that dim M < dim(Gr(d — k, d; C)) — 1. By Lemma 6.3, for each
(TIT,v) € (T Gr(k,d;C)) with IT € Gz and v € Tr(Gz,¢), the set of I1" so that
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((TT, v), IT") € M is contained in a variety of dimension dim(Gr(d — k, d; C)) — 2,
i.e., each fiber of the projection map M — T Gr(k, d; C) has dimension at most
dim(Gr(d — k, d; C)) — 2. But since Gz ; has dimension at most one, the image of
the map M — T Gr(k, d; C) has dimension at most 1, so M has dimension at most
dim(Gr(d — k,d; C)) — 1.

Thus if we consider the projection M — Gr(d — k, d; C), the image of this pro-
jection is contained in a proper subvariety of Gr(d — k, d; C), i.e., a generic element
IT" € Gr(d — k, d; C) is not contained in the image of the projection.

All that remains is to show that for generic IT’, T1 is a smooth point of A for all
(z, TT) with z € Zemooth N Zsmooth, (z, 1) € FT(Z), and IT € Ay . But if we define

My = {((T1, v), 1") € (T Gr(k, d; C)) x Gr(d — k,d; C):
MeGze, veTn(Gzye), 11 € (An)sing, (6.7

then since dim(Ary)sing < dim(d — k, d; C) — 2, a similar argument shows that a
generic element IT" € Gr(d — k, d; C) is not contained in the image of the projection
M; — Gr(d — k,d; C). O

Lemma 6.5 Let Z C C? be a k-dimensional variety defined by real polynomials, and
let ¢ C Z be an irreducible curve defined by real polynomials. Suppose that Z(R)
is k-dimensional, {(R) is one-dimensional, and that { is not contained in Zgyg. Let
IT" € Gr(d — k, d, R) be chosen generically with respect to Z and .

Let 7 € £(R)gmooth N Z (R)smooth and suppose that T,(Z) € Ary. Thenforalle > 0
we can find an interval I C ¢ centered at z with the following two properties: (1) I has
arclength < e. (2) If z1, z2 are the two endpoints of I, and if T1} = T, (Z(R)), I, =
T.,(Z(R)), then

(det(ITy, 1)) (det(I1, IT)) < 0. (6.8)

Remark 6.1 See Sect. 6.1.1 for a discussion of the definition of det. In this context,
the determinant is only defined up to a choice of sign. However, the statement that two
determinants have opposite sign is well defined regardless of the orientation chosen
(again, in a small neighborhood of a point IT € Gr(k, d; R)).

Proof of Lemma 6.5 In brief, the proof consists of the following observation. If U C
R* is an open set and A C U is a smooth manifold such that U\ A contains two
connected components, and if @ C U is a smooth curve that meets A transversely
at the point x € o N A, then o must enter both connected components of U\A.
Furthermore, we can find points x1, x € « arbitrarily close to x such that x, x, lie
in separate connected components of U\ A.

Now for the proof. Let TTp = 7,(Z). By Lemma 6.4, IT' is a smooth point of
A+, and G(¢, Z) is transverse to Ay« at IT’ (recall that IT" is a real (d — k)-
plane, and (I1")* is its complexification). Since ¢ (R) is one-dimensional and IT" was
chosen generically, we can assume that z is a smooth point of ¢, and thus ¢(R) is a
one-dimensional smooth manifold in a (Euclidean) neighborhood of z.

We conclude that G (¢ (R), Z(R)) isasmooth curve in Gr(k, d; R) in aneighborhood
of the (real) k-plane I1o(R) € Gr(k, d; R), and this curve is transverse to Ay (g at
the point ITo(R). Use Lemma 6.1 to choose a small neighborhood U of ITp(R), and
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functions vy (I0), ..., ve(I1): U — R4 so that [T = span{vi (I1), ..., v (IT)}. This
allows us to define det(IT, IT") for all IT € U.

Now, after possibly shrinking U, A N U is a smooth manifold, and Ay N U
cuts Gr(k, d; R) N U into two connected regions: one where det(I1, I1") > 0 and one
where det(IT, IT") < 0. Selecttwo points z1, z2 € ¥ (R) sothat T3, (y (R), Z(R)) € U,
T, (y(R), Z(R)) € U, and with T, (y (R), Z(R)) and T, (y (R), Z(R)) in opposite
regions. Since G(¢(R), Z(R)) is transverse to Ay C Gr(k, d; R) at T1p(R), (6.8)
holds with this choice of z1, z5. O

6.1.4 Complex Varieties and Some Perturbative Arguments
Definition 6.3 If k < d and r,: F¥ — F9~! is a projection in the direction v, let
a:{I1e€Grk,d; F):v¢ll} - Grk,d—1; F)

be the associated map on the Grassmannian.

We end with the following observation. Let Z C C* be a two-dimensional variety
and let T, : C* > C3 be a projection. If 7 € Zsmootn, I1 € G(z; Z), and v ¢ I1, then
7 (IT) is two-dimensional and 77 (IT) € G(z; 7 (Z)).

6.2 Perturbations and the Gauss Map

In this section we will prove a technical lemma that will be useful when we have
to cut the surfaces V;(R) into pieces. In the next section we will be confronted
with an irreducible two-dimensional variety W that is a component of the intersec-
tion Zc(R1) N Zc(R,). We will need to understand smooth points z € Wgmooth
where the tangent plane 7, W has certain properties. Ideally, 7,W would be given
by the two-dimensional vector space orthogonal to (VR{(z), VR2(z)). However, if
(VR1(z), VR>(z)) is instead a zero- or one-dimensional vector space, then this will
not work. Instead, we will consider (VR (z'), VR>(z')), where 7 is a point close to
z. If we set things up carefully, then we can recover information about 7, W from
(VR1(z'), VRy(z)). This is made precise in Corollary 6.1.

Definition 6.4 For R € C[xy, ..., x4] and zg € C*, define R% = R(z) — R(zo). In
particular, Z¢ (R%0) = Z¢(R(z) — R(20)). This is the level set of R passing through
the point zg.

The following lemma is rather technical; the reader may wish to first look at Corol-
lary 6.1, which may provide some motivation.

Lemma 6.6 Let Ry, Ry € Clxy, ..., x4], and let W be an irreducible component of
Zc(R)NZc(Ry) and let v, vy € C* be generic vectors (see Remark 6.2). Then there
exists a curve { C W so that the following conditions hold:

e deg(¢) < (deg Ry + deg Ry) deg W.

e Forall 7 € Wymooth \¢, v1 ¢ T (W).
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o IfT =m,: Gr(2,4;C) — Gr(2,3; C) is the corresponding map on the Grass-
mannian, z € Wsmooth\¢, and if U C C is a sufficiently small neighborhood of 0,
then the map

pre: U — Gr(2,3;C),
t > 7 (T (Zo(RET) N Zo(RET))) (6.9)

is continuous on U.

Remark 6.2 When we say that v is generic with respect to Ry, Ry, W, we mean that
given any Ry, Ry, W, there is a Zariski open set O C C* so that the lemma holds for
any v, v; € O.

Remark 6.3 Heuristically, Lemma 6.6 says that the tangent plane to the level set of R
and R; passing through z € W is similar to that of the level set of R; and R» passing
through z + fv, provided |7| is small and z does not lie on a small bad set. More
precisely, Lemma 6.6 says that the (generic) projections of the two tangent planes into
C3 are similar. Corollary 6.1 will let us recover the result about tangent planes in C*.

Remark 6.4 Let us understand the map p5 ;. For¢ € C, let 7 = z + tv. Let
W' = Zc(RET) 0 Zo(REH).

This is the intersection of the level sets of Ry and R; that pass through z'. Then the
image of 7 under the above map is the projection of 7./(W’) to C3 (the projection is
given by 7).

Proof of Lemma 6.6 Let L C C* be a 3-plane orthogonal to v, and let

(VR (z + tv))

B| = {z eL: rank(
T(VRy(z + tv))

) < 1 forall ¢ G(C}.

First, consider the set

{z e C*: rank (’T(VR‘(Z))) < 1}. (6.10)
(VR (2))

If v; (and thus ) is chosen generically3 with respect to Ry and R», then (6.10) is not
all of C*. Indeed, it is a proper algebraic variety of dimension at most three and degree
O(deg R; + deg R). In particular, the intersection of (6.10) with a generic (with
respect to R, Ry, v; and v) translate of L has dimension at most two. This implies
that B] is contained in a two-dimensional variety B}’ of degree O(deg R| + deg R>)
(to obtain such a variety, simply intersect the set (6.10) with a generic translate of L).

3 More precisely, for every choice of R| and Rj, there is a dense Zariski open subset of €4 so that if v
lies in this open subset then the desired property holds.
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Let B" = 7 I(JTU(Bi/)) be the extension of B{' in the direction v. So B{" is a
three-dimensional variety of degree O (deg Ry +deg R>). Let B; = B]" N W. We can
assume that dimc(B1) < 1. Indeed, if dim¢(B1) = 2, then By = W, and this would
imply that (6.10) = C*, and we have already shown that this is not the case.

Let z € Wymooth \ B1- Then for any 7 # 0 in a sufficiently small (Euclidean) neigh-
borhood of 0, we have (VR (z + tv)) x m(VR2(z + tv)) # 0. Note that since
7(VRi(z + tv)) and 7(VR2(z + tv)) are vectors in C3, the cross product is well
defined.

Thus, we can define

7 (VR(z 4+ tv)) X 1(VRy(z + tv))

M = VR G+ 1) x 7(VRae + o))

Note that if z € W\Bjy, then |7 (VR (z + tv)) X m1(VR2(z + tv))| does not vanish
identically in 7. Write

T(VRi(z +1v) x 1(VR2(z + 1v)) = (v1(z, 1), v2(z, 1), v3(2, 1)).

We can expand vj(z,1) = > tiOi,j(z). For each j = 1,2, 3, let i; be the minimum
index so that 6; j(z) does not vanish identically on W. For notational convenience,
we will assume that i; = min(iy, iz, i3) (if not, then just permute the indices). Let
By = W N Zc(6;,). Note that deg(6;,) < deg Ry + deg R».

Let v}(z, 1) =t (z, 1), and let

(UI(Z, 1), v;(z, 1), v;(z, 1))

Mzt = T T T
(lvy (2, D> + vy (z, D> + vy (z, D?

)1/2'

Define ¢ = By U By and let W' = Wynootn\¢. If z € W', then the denominator
of AT(z, t) does not vanish when ¢ = 0, so in particular 2T(z, 1) is a smooth function
of ¢ in a neighborhood of 0. Furthermore, for ¢ # O, AT (z, 1) = A(z, 1), and for all ¢
(in a neighborhood of 0), AT (z, 1) is the normal vector to the 2-plane 7 (p,(¢)). This
implies that 77 p,(¢) is continuous for 7 in a neighborhood of = 0, as desired. O

Corollary 6.1 Let Ry, Ry € Clxy, ..., x4], and let W be an irreducible component

of Zc(R1) N Z(Ry). Let v € C* be a generic vector (as described in Remark 6.2).
Then there exists a curve ¢ (depending only on W and v) with

deg(¢) < (deg Ry + deg Ro) deg W
so that if 7 € Wemooth \¢ and if U C C is a sufficiently small neighborhood of 0, then

the map
.t Topr(Zo(RET™) N Ze(RET™)) (6.11)

is continuous on U.
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Proof Let vy, vy, v3, va be generic vectors, and apply Lemma 6.6 to the collection
{R1, Ry, W, v,v;}, i = 1,2,3,4. Let Uy, Up, U3z, Us C C be the resulting open
neighborhoods of 0, and let ¢;, {2, ¢3, {4 C W be the resulting curves. Let U =
U nNnUyNnUsNUgandlet =5 U UL U L.

By Lemma 6.6 the maps

£ oy (T (Ze (R N Ze(RET)), i =1,2,3,4, (6.12)
are continuous for r € U and z € W\¢. However, the map

¥ Gr(2,4; C) —> (Gr(2,3; C)*,
M (Fy, (TD), ..., 7y, (T))

has full rank at every point Iy for which (ITo + (v1)) N (ITg + (v2)) N (ITo + (v3)) N
(ITp + (va)) = Ip. Since vy, v, v3, v4 Were chosen generically, this condition will
hold at every point. This implies that the map

t > Topr(Zo(RET™) 0 Zo(RETM)) (6.13)

is continuous forr € U and z € W\¢. O

7 Bounding I4: Cutting a Variety into Open Regions

In order to bound the incidences in /s, we will cut each surface V;(R) and each curve
{y(R): y € Fg?} into pieces. On each piece of V;(R), we will have an arrangement of
points and curves. In later sections, we will apply the crossing lemma to each of these
arrangements to bound the number of point-curve incidences in terms of the number
of curve—curve crossings, plus an error term.

7.1 Defining Some Bad Points on the Curves

In this section we will define various bad points on the curves in F( ) After these
points are removed, the real locus of y will consist of a collection of simple open
curves, which will be amenable to crossing lemma type arguments. First, we must
deal with a small technical annoyance.

7.1.1 Incidences Occurring on the Bad Sets

Fix a generic vector v € C*. For each index i = 1,...,¢ and each irreducible
component W C V;, let {w be the bad set obtained by applying Corollary 6.1 to W,
using the generic vector v. Let

a=Jew, (7.1)
w
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where the union is taken over all irreducible components W C V;, and let

I ={(p,S:y C&}.

By Corollary 6.1, ¢; has degree ZW O(D; + E;)degW = O(D; El.z). Thus if we
define
= U &i,
i

thendeg¢ = O (3, (D; Eiz)). By Lemma 4.8,

k 2k—2
1I7] < m&A=Tp2k=1 4 m. (7.2)

The idea is that we will decompose each variety V; (R)smooth into a disjoint col-
lection of pieces, each of which is homeomorphic to an open subset of R%. With a
few exceptions, incidences between points on V; (R)smeoth and curves lying in Fg?
will be counted using the crossing lemma. By V; (R)smooth, We will mean points of
Vi (R) that are smooth in dimension 2. If dimg(V;(R)) < 2, then by Corollary 4.1,
Vi(R) C (Vi)sing, and all incidences on V; have already been counted.

Select a generic (real) 2-plane IT" € Gr(2, 4; R). For each index i, define
B; ={z € (Vi)smooth: Tz(V;) € An}. (7.3)

For each y € F??, we will define various types of bad points. For S € S, define

asi= |J v (7.4)
yery)
Define

By sing = ¥ N (as,i)sing. (7.5)
8y shared = {Z € ¥ : z is an isolated point of y N V;s for some i" £ i), (7.6)
E':y,dir = {2 € Ysmooth: Tz (y) - v1 =0}, (7.7)
8y singPt = Ysmooth (Vi)singa (7.8)
Ey,vertPt = Ysmooth M B;. (7.9)

In (7.7), vy is a generic unit vector. By generic, we mean that v; and IT’ are generic
with respect to the collection S, the points P, and the polynomials {P;} and {Q}.
Finally, define
Ey.badpt = (7.5) U --- U (7.9). (7.10)

7.2 Bounding the Sets (7.5), ..., (7.9)

We first record the following corollary of Lemma 4.6
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Corollary 7.1 For each S € S; and each index i,

> Glasi) S D (7.11)

zeas i

> D G SD (7.12)

VEF_(;,)' Z€Vsing
3
Lemma 7.1 Foreachy € Fé 3

|Ey shareal S degy D (D; + Ey). (7.13)

1

Proof If x € By shared, then x is an isolated intersection point of y N Z¢(Pyr) or
y NZ¢c(Q;) for some i’ # i. By Bézout’s theorem (Proposition 4.1), the number of

times this can occur is bounded by the RHS of (7.13). O
Lemma 7.2 Foreach S € Sy and each y € FSE,
|8y .airl S deg(y)”. (7.14)

Proof After a rotation, we can assume that v; = (1,0, 0, 0). Let ¥’ = 7 (y), where
7 is the projection onto the (x1, x2)-plane. Note that degy’ = degy. Since v; was
chosen generically, z € 8y, gir if and only if z € p. . and Ty (o) (w (y")) - (v1) = 0.
Let f, be a square-free polynomial such that Z(f,/) = y’. We have deg f,; <
degy’ = degy. Then

{z € Ysmooth: Tr(x) (T () - w(v1) = 0} C y' N Zc(m(v1) - V f).

The latter set has cardinality O(deg(y)z). O

Lemma 7.3 For each S € Sy and each index i,

D> 1Bysingetl S DiEi+ Y (degy). (7.15)

3 3
yers) yers)

Proof Factor V; into irreducible components W; ;. Recall thatif y € I’ (533 then a
generic point x € y lies in (V;)smooth, SO in particular, y is contained in W; ; for
precisely one index j. Furthermore, we have T, (S*) # T,(V;) at a generic point
x € y. If x € Ey singpt has not already been placed in & sing, then x is a smooth point
of y. We can now apply the argument used to bound |/5| (Sect. 5.4) to conclude that
for each index j,

D 1By singet] SdegWij+ D (degy)*. (7.16)
yerg). verg).
yCcW; yCcW;
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Summing (7.16) over all irreducible components of V; yields (7.3). O

Lemma 7.4 Foreachy € l"?? ,

|Ey vertpt| < deg(y) E;. (7.17)

Proof Let W C V; be the (unique) irreducible component of V; that contains y. For
each zo € Ey vertpt, We can select a small interval B;, C y (R) that contains z¢, so that
the intervals {B;)}z,e g, ,op are disjoint.

By Lemma 6.5, we can assume (after shrinking B, if necessary) that for each
interval B;,, we have

(det(TZE)(W(]R)), H’))(det(TZg(W(R)), ) < —ey, (7.18)

where z(, and z( are the two endpoints of the curve B, and I1" is the 2-plane from
(7.3). Here &1 > 0 is some sufficiently small constant, depending on W, y, and IT'.

By Corollary 6.1, we have that if we select ¢ > 0 sufficiently small depending on
&1, then if we let BZO = B, + e2v (here v is the vector from Sect. 7.1.1), and define
7y =zy + &2v, 25 =z + €2v, then

(det(T%(W(]R)), H’))(det(ng(W(R)), n)) <0. (7.19)
Fix vectors v3, v4 so that IT" = (v3, v4). Define the function

VP;
U (z) = det Vo (2).
U3

v4

Now, if &2 > 0 is selected generically (and still selected sufficiently small, depend-
ing on &1), the curve y + g>v does not lie in Z¢ (W). This means that

I(y + &20) NZc ()] = (degy)(deg V) < (deg y)E;. (7.20)
On the other hand, Lemma 6.2 implies that at least one intersection point of (y +
&2v) N Zc (W) must occur inside every interval of the form B;,, zo € Ey verpe. This
gives us the bound (7.17). O

Combining the previous lemmas, we obtain the following result:

Proposition 7.1 For each S € S; and index i, we have the bound

> 18y el $ DiE;. (7.21)
yery)
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Proof First, note that
Z degy < Dj.
yers)

Now we combine the bounds from Corollary 7.12 and Lemmas 7.1, 7.2, 7.3, and 7.4,
to obtain (7.21). O

Combining the bounds from this section and using (3.22), we obtain the following
bounds, which we will record as a lemma.

Lemma 7.5 We have the bounds

2k—=2

k
D> 18y baam] S mFTn2kT, (1.22)

i Se& VEF?I)'

k 2k=2

G.(a) < mA—Tp2k=T (7.23)
22 2

i SeS Ze(as,i)sing

7.3 Cutting the Curves in I‘S’)i

Fix a surface S € S and an index i. For each y € F??, consider the set

Pieces, = {8 C R*: B is a connected component of y (R)\Ey paapt}.  (7.24)

Lemma 7.6 If B € Pieces,, then B is a point or a simple open curve (homeomorphic
to (0, 1)).

Proof Suppose B € Pieces, is not a point. Since B does not contain any singular
points, B is a smooth one-dimensional manifold. Thus B is either a simple open curve
or is homeomorphic to a circle. However, if 8 is homeomorphic to a circle, then it
must contain a point z € 8 where 7, - v = 0, where v is the vector from (7.7). Since
we removed all points of this form, no curve 8 € Pieces,, may be homeomorphic to
a circle. O

By Corollary 2.1,

k 2k—=2

2.2 2 boy®R) Sn Y Df S mFTn2T, (7.25)

€Sy i yer®) i

where by(y (R)) is the number of Euclidean connected components of y (R). We need
to bound the size of Pieces, . By Lemma 4.7, each time we remove a point z € E sing,
we increase the number of connected components by at most 2G,(y). Each time we
remove a point, we are left with a (new) semialgebraic set (indeed, this is just the
previous semialgebraic set with one point removed). Thus we can apply the lemma
iteratively, removing one point from Ey sing at a time. By (7.12), removing all the
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points Ey sing increases the number of connected components in (7.25) by at most
O (m*/ k=1 Ck=2)/ k=1

If we remove a point z 2, sine from a curve y (R), we increase the number

p y.sing Y

of connected components by at most one. Thus if we remove all the points from
Ey badPt\ By sing @S y Tanges over all curves in USeSz Ul- Fgl)., we increase the number
of connected components in (7.25) by at most O (m*/ (k=1 2k=2)/2k=1)y
We conclude that

2k—=2

| Pieces,, | < m%%‘nZk_*l (7.26)
2.2 2 v

SeS, j yels,;

7.4 Cutting the Surfaces V; (R)
For each index i, let
Yi={AC R*: A is a connected component of V; R\ ((Vi)sing U Bi U &)}, (7.27)

where B; is the set from (7.3), and ¢; is the set from (7.1).
Lemma 7.7 The sets A € ); are two-dimensional smooth manifolds.

Proof By Corollary 4.1, if z € V;(R)\(Vi)sing, then dimg  (V;(R)) = 2. Since
z € (Vi)smooth, this also implies that z is a smooth point of V;(R) (in dimension
2). Thus V; (R)\(V;)sing is a two-dimensional smooth manifold. Since B;(R) U ¢; (R)
are algebraic curves (possibly with zero-dimensional components), V; (R)\ ((\/i)sing U
B; U Q) is also a two-dimensional smooth manifold, and thus so are its connected
components. O

Lemma 7.8 Let A € ), and let w: R* — R? be the projection in the direction TI'
(i.e., the direction that maps T to the vector space 0). Here TU is the (real) 2-plane
from (7.3). Then the restriction of @ to A is a diffeomorphism, and 7w (A) is an open
subset of R2.

Proof The main thing to show is that 7 is injective. Suppose there exists two points
x,x" € A such that w(x) = w(x'). Let n C A be a smooth curve connecting x and
x’, and let 7(¢) be the parametrization of this curve by arclength, normalized so that
7(0) = x and (1) = x’. Foreach ¢ € [0, 1], let r(¢) = dist(n(¢), x + I1')%, where
x + IT is the affine 2-plane obtained by translating IT by the (vector) x € R*, and
dist(n(r), x +IT’) is the (Euclidean) distance between the point n(7) and the set x +IT'.

r(t) is smooth and r(0) = r(1) = 0. Thus there exists some f5 € (0, 1) so that
%r(t)h:to = 0. This implies that the curve n has tangent vector w € I’ at the
point r(fy). However, at every point z € A we have that T,(A) N IT" = 0. This is a
contradiction. Thus 7 is injective.

We can see that the map 7 is a local diffeomorphism whenever the Jacobian matrix
of 7 has full rank. However, this occurs precisely at points x € A with T, (A)NIT" = 0.
By the definition of A, this happens at every point.
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Since 7 is injective and is everywhere a local diffeomorphism, we conclude that &
is a diffeomorphism. O

7.5 Combining Y; and Pieces,

Lemma 7.9 Ify € 1"(3}, and if B € Pieces,,, then B is entirely contained in a single
set A C Y, and this set A is unique.

Proof Recall that every set 8 € Pieces,, is connected (in the Euclidean topology), and
each set B is contained in some set V;. Thus if 8 meets two sets A, A’ € ));, then by
(7.27), B must intersect a point from (V;)sing U B; U ¢;. However, every point from
BN (Vi)sing U B; U ¢; also lies in Ey padpe (Where y is the algebraic curve associated
to ). By definition, 8 contains no points from this set. O

Definition 7.1 If 8 € Pieces,, define shrink(8) to be the curve obtained by shrinking
B by a small amount. More precisely, since 8 is a simple open curve, there is a
homeomorphism n: (0, 1) — B. Define shrink(8) = ¢((e, 1 — ¢)), where ¢ > 0 is
a very small quantity. Specifically, we choose ¢ so that the following two properties
hold:

e If p € P and p is an interior point of S, then p is an interior point of shrink(f).
e Iftwo curves B, B’ are disjoint, then shrink(8) and shrink (8") have disjoint (Euclid-
ean) closures.

Foreachi =1, ..., ¢, and for each A € );, define

La=|J | (shrink(B): B € Pieces,. and B C A}, (7.28)
SeS, V€F§3)-

and define
Pa=PiNA, (7.29)

where V; is the (unique) variety such that V;(R) contains A.

The sets {P4} are disjoint as A ranges over the sets in J; and asi = 1,...,¢.
Furthermore, if (p, S) € I7\1g, then p lies in some set Py.

To bound the number of incidences in 7\ I3, we will need to use the crossing lemma.
If A € ), define

crossings(A) = Z BN

B.8'eLa
B#B

Lemma 7.10 (Bounding the number of crossings)

¢
Z Z crossings(A) < Conz, (7.30)

i=1 Ae);

where Cy is the constant from Property (ii) of Definition 1.2.

@ Springer



560 Discrete Comput Geom (2015) 54:513-572

Proof First, note that > 25 1SN S’| < Con?. The entire point is to show that if
z € SN S, then there is at most one pair 8, B’ withB C S, 8’ C §' sothatz € BNB'.
We also need to observe that if both 8 and B’ are contained in the same surface S,
then B N B’ = @. This is because any point z € B N B’ is a singular point of $* N V;
for some index i, so this point lies in &y pagpt N E,7 badpt, Where y, y’ are the (not
necessarily distinct) curves associated to 8 and B, respectively. Thus points of this
form were removed in a previous step.

For contradiction, suppose there existed some indices i1, i2, some A| € V;,, Az €
V;,, and some curve segments B1, 8] € La,, B2, By € La, so that B, B C S,
Bi. By C S',and (B1 N B N (B2 N By) # V.

First, we must have i1 # i>. Indeed, if i1 = ip = i, then 81 N B is a singular point
of $* N'V;, and by (7.24), neither B nor B, can contain any points of this type. Next,
we can assume that 8 ¢ ({J; (Vi)sing), since all irreducible components of S*NJ; V;
that were contained in ( U (Vi )Sing) were already removed. In particular, since i1 # i»,
we must have that 81 N V;, is a discrete set, where y; is the curve associated to ;.
But every point in this intersection was already removed when we removed the set
Ey shared- Thus no points of this type may exist in any curve segment f3. O

Lemma 7.11 Fixan A € Y, andlet py, ..., pr € A. Then at most Co curves 8 € L4
can contain the points pi, ..., pr, where Cq is the quantity from the statement of
Theorem 1.3.

Proof First, if two curves B, B’ € L4 both contain py, then B, 8’ must come from
distinct surfaces S, S”. Otherwise p; would lie in the sets &, sing, E,/ sing (Where y, y’
are the curves associated to 8, 8/, respectively). However, 8 cannot contain any point
from &y ing, and similarly for 8’

Since every curve that contains the points pyp, ..., px must come from a distinct
surface S € Sz, by Property (iii) from Definition 1.2, at most Cp curves can contain
the points pq, ..., pk. O

We must now develop the tools needed to apply the crossing lemma to the collections
of curves and points on the open regions A € )/;.

8 The Final Interlude: Some Graph Theory

In [26], Székely provided a simple proof of the Szemerédi—Trotter theorem using the
crossing lemma from topological graph theory. In brief, the crossing lemma states
that a graph drawing either contains very few edges, or it must have many crossings
(points where two edges cross). Székely showed how a point-line arrangement could
be converted into a graph drawing, where the number of point-line incidences was
bounded by the number of edges. On the other hand, since every two lines cross at
most once, Székely was able to bound the number of crossings in the graph drawing.
This led to a bound on the number of incidences.

We wish to do something similar, but in our case we do not have a single graph but
many, and the crossings are spread out amongst all of the graphs. We need to obtain
an incidence bound across all of these graphs. This will be done in Lemma 8.2.
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8.1 Graphs and Graph Drawings

Definition 8.1 We define a generalized undirected graph drawing to be a triple H =
(P, T, E). Here P C R2 is a finite collection of points (also called vertices); I" is a
finite set of bounded simple open curves, with |y N y’| finite for every pair of distinct
curves y, y’; and E is a set of pairs of the form ({p, g}, y), where p, g are distinct
points in P and y € I". If p, g are vertices of a graph drawing H, we define

edgemult(p.q) = [{y € ': ({p.q}. v) € E}|.
Informally, this is the number of edges between p and g.

Definition 8.2 We say that the undirected drawing H is proper if the following prop-
erties hold:

e No point of P lies in the relative interior of any curve in I'.
e ({p,q},v) € E if and only if the endpoints of y are the points p and g.

Thus a proper undirected graph drawing is a special type of generalized undirected
graph drawing.

Definition 8.3 Let G = (V’, E’) be an undirected multigraph. Thus V' is a set of
vertices and E’ is a multiset of pairs of distinct vertices from V’. Let H = (P, T, E)
be a (generalized) undirected graph drawing. We say that G is associated to H (or H
is associated to G) if there is a bijection from P to V' so that for every pair of vertices
p,q € P, edgemult(p, q) is equal to the number of edges between p and ¢ in G.
Given a graph drawing H, there is always a unique multigraph G associated to H.

Definition 8.4 We define a generalized directed graph drawing to be a triple H =
(P,T, E). Here P C R2 is a finite collection of points (also called vertices); I" is a
finite set of bounded simple open curves, with |y N y’| finite for every pair of distinct
curves y, ¥’; and E is a set of pairs of the form (p, g, y), where p, q are distinct
points in P and y € I'. If a triple (p, ¢, y) is in E, we say that p RA q,1i.e., thereis a
directed edge from p to ¢ along y (note that p and g need not be the endpoints of y).
The collection of all directed edges from p to ¢ is denoted by p — ¢, and the number
of edges is denoted by edgemult(p — ¢).

Definition 8.5 We say that a directed graph drawing is proper if the following prop-
erties hold:

e No point of P lies in the relative interior of any curve in I'.
o Ifp % q,then p and q are the endpoints of y. Conversely, if p, g are the endpoints
of y, then precisely one of p X qgorgq RA p must hold.

The intuition is that generalized graph drawings are allowed to have multiple edges
stacked on top of each other, while proper graph drawings do not permit this.
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8.2 Crossings and Graph Drawings

Definition 8.6 If H is a generalized (directed or undirected) graph drawing, we define
the number of crossings in H,

C(Hy= > lynyl

y,y'el’
y#y

Since the intersection of any two curves is a discrete set, C(H) is finite.

Let G be an undirected multigraph. We define V(G) to be the number of vertices
of G and £(G) to be the number of edges.

Theorem 8.1 (Ajtai et al. [1]; Leighton [16]; Székely [26]) Let H be a proper undi-
rected graph drawing and let G be the multigraph associated to H. Suppose G has
maximum edge multiplicity M. If £(G) = 5V(G), then

E(G)?

C(H) > T00MVC)E 8.1)

8.3 Bounding Incidences by Crossings

Theorem 8.2 Let U C R? be open. Let P C R? be a set of points, and let T' C R?
be a set of simple open curves with k degrees of freedom (relative to P), i.e., for any k
points of P, there are at most Cy curves from I that contain all k points, and any two
curves intersect in at most Cq points. Then

_k =1
I(P,T) SIPIZ=T( D" |y Ny )21 +|P|+]T. (8.2)

y,y'el
y#y'

The implicit constant depends only on k and Cy.

The proof of Theorem 8.2 is much easier for the k = 2 case (it is a variant of
Székely’s proof in [26]), so we will provide a proof of this case first. The proof for
general k also works for k = 2.

Proof of Lemma 8.2, k=2 case Replace each curve y € I' with a slightly shrunk curve
y’ (in the sense of Definition 7.1), so that d(y’) does not meet any point from P
nor any curve from I'. If I'” denotes the set of shrunk curves, then |Z(P,T")| >
|Z(P, T)| — 2|T'|. Delete from I'” those curves that are incident to fewer than 2 points
from P, and denote the resulting set of curves I'”’. Then |Z(P, T'”")| > |Z(P, T')|—4|T|.

Let G be the undirected multigraph whose vertex set is P, and where two vertices
are connected by an edge if the two corresponding points are joined by a curve from I'”,
and the two vertices are consecutive on this curve. Let H be the (proper, undirected)
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drawing of G given by the points P C R? and the curve segments joining consecutive
edges from curves y € I'”.

The multigraph G need not be a graph, since two vertices can be connected by
several edges. However, the maximum edge multiplicity of G is bounded by the
constant C from the statement of Lemma 8.2. Furthermore, £(G) > %|I (P, T, so
by Theorem 8.1,

IZ(P, D) S IPIFPC(H)'? + [Pl +4IT|

1/3
SIPPRCD yny')' P+ 1P+,
y,y'el
y#v

O

We will now prove Lemma 8.2 for general k. The proof is very similar to
Pach and Sharir’s proof in [20] of a Szemerédi—Trotter type theorem for curves
with k degrees of freedom. However, the main term in Pach and Sharir’s bound is
|P|k/@k=1)| | 2k=2)/2k=1) rather than

k k—1
[PIZ=T(D Iy ny/I) 2T,

and the former could potentially be much larger. This fact forces us to modify Pach
and Sharir’s proof.

Proof of Lemma 8.2, general case First, either
Z(P,T) < 100k|T| (8.3)

or
Z(P,T) > 100k|T|. (8.4)

If (8.3) holds, then the theorem follows immediately. Thus for the remainder of the
proof we will assume that (8.4) holds
Let I C T be the set of curves that are incident to > 2k points from P. By (8.4),

I(P.T) > I(P, 1),

so it suffices to consider curves in I'". If p € P, letd, = [{y € I": p € y}|. We will
call this the degree of p. Let

; , (P, 1)
P = {p €Prdy 2 = }
Then
I(P. Ty = 3I(P.T') = JZ(P, D). (8.5)
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Forpe P,y el’,and p € y, let

Spy=1q€P:qey, q#p, dg=dp).

Let H = (P/,T’, E) be a generalized directed graph drawing, where the triple
(p,q.,v) isin E if the following conditions hold:

epeP .yel', pey, qes,,.

o S,y >k

e g is one of the k closest points to p of the point set S, ,, (i.e., the curve segment of
y connecting p and g passes through at most k — 1 points from S, ;).

Note that H might not be a proper directed graph drawing since several edges may
be drawn over the same curve segment.

Lemma 8.1
E(H)>ZP, T —k|I|. (8.6)

Proof Let p € P,y € I'" with p € y. Then either there is an edge p R q for some
q € Sp,y,or p € X, where X, is the set of the k highest degree points on y. The
lemma now follows from the observation that | X, | < k. m]

Lemma 8.1 and (8.4) imply that
E(H) = YI(P.T) = §Z(P,T). (8.7)

Note that a given segment of a curve y € I may be part of several distinct edges,
i.e., our graph drawing H may not be proper (in the sense of Definition 8.5). However,
the following lemma controls the extent to which this occurs.

Lemma 8.2 Lety € T, and let x be a point on y. Then the number of pairs (p, q) €
(P"? such that the arc p RA g contains x is at most 10k?.

Proof Since y is a simple open curve, y \ x consists of two connected pieces, which we
will call the right and left pieces. This establishes a global notion of right and left on
the curve y. We will now prove the lemma. Suppose there were more than 10k pairs
(p,q) € (P))? with x contained in the arc p RN q. Then without loss of generality,
there are more than 5k arcs of the form p SN q where p is right of x and ¢ is left of
x. Since each point p € P’ N y has at most k curves of the form p X q that exit it,
there exists a set of > 5k distinct points to the right of x, so that each of these points
contains at least one arc of the form p R q that contains x. Denote this set of points
by Pi. Let P> C P; be the 2k right-most points from this collection, and let p* € P,
be the point with lowest degree. Then the arc from p* to x passes over at least 3k
points of P’, but there are at least 2k — 1 > k points of P’ on the arc y with distance
< 2k. Each of these points lies in S+ ,,. This is a contradiction, since by definition p*
is connected to the k closest points on y with degree > d . O
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Let H' be the generalized directed graph drawing obtained by starting with H and

deleting all edges of the form p RA q where p € X,, (recall from above that X, is the
set of k points on y that have the highest multiplicity). Then since every curve in I/
is incident to at least 2k edges, £E(H') > %S(H) > %I(P, ).

Now, let H” be the generalized directed graph drawing obtained by starting with
H' and deleting all edges of the form p R q whenever

k=2
edgemult(p — ¢q) > Adli‘_1 . (8.8)

Here A is a large constant (depending only on k) to be determined later. We will call

H'" the pruned version of H'. If an edge p R q is present in H' but not in H”, we
. ¥

will say the edge p — ¢ has been pruned.

Lemma 8.3 (Pach and Sharir)
EH") > iS(H’)> LI(P I (8.9)
— 2k — 32k o ’

Proof The proof of this lemma is nearly identical to the arguments of Pach and Sharir
in [20, p. 124]. For the reader’s convenience, we reproduce it here. For p,q € P/,
let E,(g) be the set of all edges of H' that connect p to g, i.e., all edges of the form

p RA q, for y € I, By the definition of H, we have qup, [Ep(q)| < 2(k — 1)dp.
Let E, 4 be the set of edges of the form p RN r, where y is a curve for which

p RA q is an edge of H'.

Let
k=2

Ry ={ae P IE @) > Ad" ],
SO
k=2 1
IRp| < 2kd,(Ady~ ') <2kA™'d; "
If R, = @, there is nothing to prove. Otherwise, consider in turn each vertex ¢ € R,
and each curve y that contains an edge p X g from E,(g). By the definition of H’,
y must contain at least k — 1 edges that lie in the set E, ,. We want to charge p RA q

to one of these edges; we can do this as long as one of these edges is still present in
the set H” (i.e., we can do this as long as one of these edges has not been pruned).

We say that p X q is good if there exists at least one edge from E, , in the
generalized directed graph drawing H” (i.e., if at least one edge from E, , survives
the pruning process). If p R q is not good, we say it is bad.

If p BN q is bad, then the curve y passes through p and through at least k — 1
distinct points of R, and in this case y contains at most 2(k — 1) bad edges. But,
there are < Cy curves passing through p and any fixed set of k — 1 points of R,. Thus
the number of bad edges is at most
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R 2Co(k — 1)|R, |1
20k — 1)C0(k| _”'1) < 0((k_)1|)'1"
2Cy {2k\*!
<(k—01)!(X) d,. (8.10)

If we select A sufficiently large, then

k—1
2C 2k 1
° (Z) 4, < =(k—1)d,.
(k—DI\A 2
and thus more than half of the edges in £, are good, and each of them can charge one
of the surviving edges in H”. This implies that at least ﬁdp of the edges exiting p
survive in H”. Since this holds true for all edges in H”, Lemma 8.3 follows. O

For each triple (p, ¢, y) € E in the pruned graph drawing H”, let y, , C y be
the simple open curve connecting p to g. Define 'y = {y,4: (p.q,y) € E}. Let
I'; be obtained by perturbing each curve in yy slightly so that the endpoints remain
unchanged, but every two curves in I'g intersect in a finite set. Let H"” = (P, 'y, Eo)
be the directed graph drawing where (p,q,y) € Ejp if and only if p and g are
the endpoints of y. Then H is a proper directed graph drawing (in the sense of
Definition 8.5). For every pair of distinct points p, g € P’, edgemult(p — ¢) in H”
is equal to edgemult(p — ¢) in H"”. Furthermore, by Lemma 8.2,

C(H") < 100k*C(H").

We will now perform a diadic decomposition of vertices in the graph H"”. For

Jj=0,...,[logy,m], let H; be the proper undirected graph drawing with vertex set
i L(P,T)
Pid,>2 ———=L.
{p € P = 2m }
If p € P’ and
2jI(P, ) <d, < 2j+11'(73, F)’
2m 2m

then all of the multi-edges p — ¢ from H"” are added to H;, but we add them as
undirected edges. These are the only edges of H;. Let m; be the number of vertices
of H;. Since

NEIGRY

mj <I(P.T).

we have _
mj <27, (8.11)

We have the following:

~

;2
e Each multi-edge of H; has edge multiplicity < (Zj +1 I(ZLmr)) A
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e Each multi-edge p — ¢ in H"” appears as a multi-edge in some H;, so

E(H") < D E(H)). (8.12)
J
e C(Hj) <C(H") < 100k*C(H).
Let G be the undirected multigraph associated to H;. Let

k—

Ji=1J €{0,.... Tlogym1}: £(Gj) < 100m (21+11(7’ F)) —1]’

2m

[’}

and let J, = {0, ..., [log, mT}\Ji. By (8.9) and (8.12), either

I(P,T) < m 1%“1 EG)) (8.13)

or

IZ(P,T) < — Z £(G)). (8.14)

JElz
If (8.13) holds, then

1 k—2 [lome]
Zg((; ) < mk=1Z(P, T)k=1 Z 2—ilk
Jehi j=0
; k=2
< mk—1Z(P, k-1

~

(recall that the < notation hides an implicit constant that is allowed to depend on k).
Thus if (8.13) holds, then
IZ(P, DI S IPI, (8.15)

which proves Lemma 8.2.
Alternately, if (8.14) holds, then we can apply the crossing lemma to each j € J>
to conclude

C(H)) Z (8.16)

£(G))?
2(9j+1Z(P.1) =
mj(2/+ ) F
and thus

k=2 —jk
E(Gj) S (C(H; ))1/3 3(k DZ(P, F)3(k 1)23(k D
k=2
< (C(H; ))1/3m3<k DZ(P,T)3k=1), (8.17)

where the implicit constant does not depend on j (i.e., it is an absolute constant). Thus
we have

@ Springer



568 Discrete Comput Geom (2015) 54:513-572

I(P.T) S D EG))

Jjeh
k=2
< Z(C(H ))1/3 3(k DZ(P, F)3(k D)
J€
k k=2
< (CH)'Bm3&=D (P, )3E-D (8.18)
By Lemma 8.2, we have
CH)S D lynyl.
y,y'el
y#y'
Thus if (8.14) holds, then
k p=
ZP. OIS IPIET( Y lynyl)* (8.19)
y,y'el
y#y’

Combining the bounds (8.3), (8.15), and (8.19), we conclude

k
TP DS PIFT( Y |yﬂy|) TP

y,y'el
y#y'

9 Bounding I¢

To bound | I\ I7|, we will apply Theorem 8.2 to each collection (A, P4, L4) for each
A € J; V. We conclude that

Ja
I\II S D D (. BY € PaNLa: p € Bl
i=1 Ae);
Ja

K =
< Z (IPa|2k=T crossings(A) k=1 + |P4| + |Lal)

i=1 Ae);
¢ P 1 ¢
SO0 D PaNET(D] D> crossings(A) 26T + [P+ D" > |La]
i=1 Ae); i=1 Ae)Y; i=1 Ae);
AT
< mBETp %=1 4, ©.1)
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where in the second last line we used Lemma 7.10. Combining (7.2), (9.1), and the
bounds on /i, ..., Ig from Sects. 5.2-5.4, we obtain the bound

k 2k—2
D UNI(P N Wi, S)| SmPF—Tn2k=T +m +n, 9.2)
icA

where the implicit constant depends only on Cyp and k (indeed, each implicit constant
only depended on previously defined implicit constants, and ultimately these only
depended on Cy and k). This is precisely the second term in (3.26), which we sought
to control. Altogether, we conclude that

Cy, Kk 2k=2
[INZ(PNZ,S)| < E(mZk—llﬂk—l +m ~|—n), 9.3)

provided we choose C; sufficiently large depending only on the constants Cy and k
from the statement of Theorem 1.3. This (at last!) concludes the proof of Theorem 1.3.

10 Open Problems and Future Work

There are a number of natural extensions and generalizations of Theorem 1.3.

10.1 Removing the Restriction on m and n

The requirement that m < n¥+2/3k is likely not necessary; we pose the following
conjecture.

Conjecture 10.1 Theorem 1.3 holds for all values of m and n.

If m > n?, then Theorem 1.3 follows from the Kévari—S6s—Turdn theorem (The-
orem 3.1). Thus the critical range is n***2/3% < m < n2. The author believes that
using the same techniques as in Sect. 3.1 of [22], it would be possible to obtain the
following partial progress toward Conjecture 10.1.

Conjecture 10.2 Ler P C R* be a collection of m points. Let S be a Co-good collec-
tion of pseudoflats with k degrees of freedom, with |S| = n, and suppose m < n*~.
Let I C Z(P, S) be a good collection of incidences. Then

k 2k—2
[1] < C1(m2%=Tn2k=T 4+ m +n). (10.1)

The constant Cy depends only on Cy, k, and &.

Roughly speaking, Conjecture 10.2 should be provable as follows. In proving
Theorem 1.3, we construct partitioning polynomials {P;}, {Q;} of degrees D;, Ej;,
respectively. As discussed in Remark 5.1, we need the bound

k_ 2k=2
Z(DiEi)4 < m2k=Tp2k=T1, (10.2)

1
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Here, the numbers { D; } are essentially arbitrary positive integers satisfying >~ D; = D
(D is specified in (3.5)), and E; is given by (3.20). If m < n®***2/3k then (10.2) holds,
while if m > n®**2/3k then (10.2) may fail.

However, one can get around this problem by using partitioning polynomials of
lower degree (i.e., making D; and E; smaller), so (10.2) holds even when m >
nk+2/3k Let o« = logm/logn. The idea is to prove the theorem by induction on c,
starting with the base case o« < % , which has already been handled by Theorem 1.3.

Now, suppose the theorem has already been proved for all @ < &g, and let P, S be
collections of points and surfaces with |P| = m, |S| = n. Suppose thatlogm /logn <
ao + f(xo). The function f(¢) will be determined later; the key property is that f ()
is continuous on [213—:2, 2] and f(z) > 0 forx < 2.

Let D’ be a small power of D (D’ = D'/10 say). Instead of performing a partition
using a polynomial of degree D, use a polynomial of degree D’. A certain number
of points and surfaces will enter each of the cells. There will be too many points
and surfaces to apply the K&vari-S6s-Turdn theorem directly. Luckily, however, if m’
points and n’ surfaces enter the cell, then logm’/logn’ < aq (provided the function
f(¢) is chosen appropriately) so the induction hypothesis can be applied to bound the
number of incidences inside each cell.

We must now bound the number of incidences occurring on the boundary of the
partition. Define E; to be a small power of E;. The incidences inside the second-level
cells can again be bounded using the induction hypothesis.

It remains to bound the incidences occurring on the boundary of the second partition.
Here we exploit the fact that D! and E’ are much smaller than D; and E;. In particular,
the analogue of (10.2) will hold with D/ and E in place of D; and E;. This allows us
to close the induction.

Analyzing the induction, we see that for any ¢ > 0, if P, S are collections of
points and surfaces with |P| = m, |S| = n, and if m < n?~°, then we only apply
the induction step O, (1) times before we are reduced to the base case o < 2"3—+2
Each time we apply the induction step, we obtain an additional multiplicative constant
in our bound. However, since we only perform this induction O, (1) times, the total
contribution is still (a multiplicative) constant.

However, proving the above result would lengthen the exposition significantly and
does not introduce any new ideas, so we prefer to state it as a conjecture rather than
include the argument in this manuscript.

10.2 Higher Dimensions

Extending Theorem 1.3 to dimensions higher than 4 appears to require some significant
new ideas. In particular, if one tried to follow a similar proof strategy to prove an
incidence theorem for 3-flats in R®, one would need some sort of analogue of the
crossing lemma for two-dimensional surfaces in R*. The author is not aware of any
statement of this type. It seems reasonable to conjecture that any proof of a Szeméredi—
Trotter type theorem for 3-flats in R® will require a different proof strategy.
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