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Abstract

A dominating set in a graph is a set of vertices such that each vertex not in the set has
a neighbor in the set. The domination number is the smallest size of a dominating set. We
consider this problem in the incidence graph of a generalized quadrangle. We show that the
domination number of a generalized quadrangle with parameters s and ¢ is at most 2st + 1,
and we prove that this bound is sharpif s = torif s = ¢ — 1 and t = ¢ + 1. Moreover,
we give a complete classification of smallest dominating sets in generalized quadrangles
where s = ¢, and give some general results for small dominating sets in the general case.
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1 Preliminaries

Dominating sets in graphs have already been studied in 1958, but there was a boost of
interest after the publishing of a survey paper in the *70s by Cockayne and Hedetniemi
[3], in which the authors show that the domination problem is related to the well-known
problem of colorings of graphs. In [8] a dominating set is defined as follows:

*The authors gratefully acknowledge the support of the FWO-HAS mobility grant ‘Substructures in finite
projective spaces: algebraic and extremal questions’. The authors also wish to thank Jan De Beule and Leo
Storme for the discussions during this work, and the anonymous referee for a clarifying comment.

TSupported by the Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences and by NKFIH
OTKA Grant No. K124950.

E-mail addresses: heger @caesar.elte.hu (Tamds Héger), lihernan@vub.be (Lisa Hernandez Lucas)

©@@® This work is licensed under https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-9586-966X
https://orcid.org/0000-0002-1356-5970

62 Ars Math. Contemp. 19 (2020) 61-76

Definition 1.1. Let G = (V, E) be a graph. The closed neighborhood N|[S|] of a set of
vertices S is defined as the set of vertices adjacent to any vertex in S, joint with the vertices
of Sitself. A set D C V is a dominating set if N[D] = V.

It is desirable to find the smallest dominating sets in a graph. The number of vertices
in the smallest dominating set in a graph G is the domination number of G, and a common
notation for it is T'(G).

The problem of domination has been studied before in incidence graphs of geometric
structures, see for instance [0] and [11]. Also, perfect dominating sets of the incidence
graphs of finite generalized quadrangles were considered in [4] (see also [9]), and for the
particular quadrangle (4, ¢), they were studied in detail in [2]; see Section 5 for further
information. In this paper, we will consider dominating sets in the incidence graph of finite
generalized quadrangles.

Generalized quadrangles were first introduced by Tits [14]. In [13], Payne and Thas
give the following definition of finite generalized quadrangles:

Definition 1.2. A finite generalized quadrangle GQ(s, t) with parameters s and ¢, where
s,t > 1, is a point-line incidence structure (P, B, 1), in which P is the set of points, B is
the set of lines and I is a symmetric point-line incidence relation, satisfying the following
axioms:

e Each point is incident with ¢ + 1 lines and two distinct points are incident with at
most one line.

e Each line is incident with s+ 1 points and two distinct lines are incident with at most
one point.

e If zis a point and L is a line not incident with z, then there is a unique pair (y, M) €
P x Bforwhichz IM Iyl L.

We will refer to this third property as the projection property. A generalized quadrangle
GQ(s,t) with parameters s and ¢ is said to have order (s,t). It is well known that the
number of points in a generalized quadrangle of order (s,t) is (s + 1)(st + 1), and the
number of lines is (¢t + 1)(st + 1). For two points P and Q, we will write P ~ @ if there
exists a line incident with both (that is, they are collinear), and we will use this notation
dually for lines as well.

For readability, we will refer to a dominating set in the incidence graph of GQ(s, t) and
the domination number of the incidence graph of GQ(s, t) as a dominating set in GQ(s, t)
and the domination number of GQ(s, ).

When viewed from a geometric perspective, a dominating set in GQ(s, t) becomes the
union of a set of points and a set of lines such that each point which is not in the set is
incident with a line from the set and such that each line which is not in the set is incident
with a point from the set. This is closely related to the concept of blocking sets and the dual
concept of covers.

Definition 1.3. A blocking set in GQ(s, t) is a set of points such that each line is incident
with at least one of these points. A cover in GQ(s, t) is a set of lines such that each point
is incident with at least one of these lines.

A blocking set O such that no two points from O are collinear is called an ovoid, a
cover S such that no two lines from S are concurrent is called a spread. An arbitrary set
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of points O such that no two points from the set are collinear is called a partial ovoid,
an arbitrary set of lines S such that no two lines from S are concurrent is called a partial
spread. Let us note that an ovoid or a spread in GQ(s, t) contains exactly st + 1 elements,
and this is the smallest possibe size for a blocking set or a covering set.

In Section 2 we will show that there exist dominating sets in GQ(s, t) of size 2st + 1
and that the union of a blocking set and a cover exceeds this size. This motivates us to call
a dominating set in GQ(s, t) small when it has size ar most 2st 4 1. This section also lists
some properties of small dominating sets in GQ(s, t). In Section 3 we show that all small
dominating sets in GQ(s, t), where |s — t| < 3 must have size 2st + 1, which shows that
the domination number in this case is 2st + 1. In particular, this gives us the domination
number of GQ(q, ¢) and GQ(g — 1,¢ + 1). In Section 4 we give a classification of small
dominating sets in GQ(q, ¢). In Section 5 we give a summary of the main results, and add
some open problems.

2 Examples and properties of small dominating sets in GQ( s, t)

Consider a generalized quadrangle GQ(s,t). We will construct a dominating set D of
size 2st + 1 as follows. Let P be a point in GQ(s, t). Number the lines through P as
ly,0o, ..., 01 1. Now define P as the set of all points which are incident with one of the
first ¢ lines ¢y, ..., ¢; through P, including P itself. Then |P| = st + 1. Now define L as
the set of lines which intersect the last line ¢, 1 in a point different from P. Then |£| = st.
Define D = P U L. The construction is also shown in Figure 1.

The size of D is 2st 4+ 1. Now take an arbitrary point Q in GQ(s, t). If Q is incident
with #;41, then it is either contained in the dominating set (if Q = P), or covered by ¢t
different lines from the dominating set. So assume () is not incident with ¢, ;. Then by the
projection property of generalized quadrangles, there exists a unique point-line pair (R, m)
such that R is incident with ¢, and m is incident with both () and R. If m is one of
the lines /1, ..., ¢;, then @ is a point of the dominating set. Otherwise, m must be a line
intersecting ¢;11 in a point different from P. Then m is in the dominating set and @ is
covered.

Now take an arbitrary line /. Assume /¢ is not incident with P. Then again by the
projection property of generalized quadrangles, there exists a unique point-line pair (R, m)
such that R is incident with £ and m is incident with both P and R. If R is incident with
{441, then /£ intersects ¢, 1 in a point different from P, so it must be one of the lines in the
dominating set. Otherwise, R is incident with one of the lines /1, . .., ¢;, hence it is in the
dominating set. In this case ¢ is blocked.

So D is indeed a dominating set of GQ(s, t). We now have Theorem 2.1.

Theorem 2.1. For any finite generalized quadrangle GQ(s,t) there exists a dominating
set of size 2st + 1.

Note that the construction in Theorem 2.1 can be dualized, giving us a second example
of a dominating set of size 2st + 1. We can also get this dual structure by omitting the point
P from the dominating set and adding the line ¢;; to it. See also Figure 1.

From a graph-theoretical point of view, we can get the dominating set from Theorem 2.1
or its dual as follows. Fix one edge {P, ¢} in the incidence graph, then all points with
distance two from { P, £} together with { P} (resp. together with {¢}) form the dominating
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Figure 1: The dominating set from Theorem 2.1 (left) and its dual (right).

set from Theorem 2.1 (resp. its dual)'.

Let us note that this dominating set is a maximal independent set in the incidence graph.
Maximal independent sets are clearly dominating sets; however, the converse is not always
true. Even when the dominating set has the smallest size possible, it is not necessarily a
independent set. Families of graphs for which the smallest dominating sets are independent
also form a subject of study.

In the case of non-thick generalized quadrangles; that is, when s = 1l ort¢t = 1, we
immediately have the following result.

Theorem 2.2. The domination number of GQ(q, 1) and GQ(1, q) is 2q + 1; furthermore,
dominating sets of size 2q + 1 are independent.

Proof. By duality, it is sufficient to show this result for GQ(g, 1). The points and lines of
GQ(gq, 1) may naturally be viewed as the (g + 1)? points together with the g -+ 1 horizontal
and g + 1 vertical lines of a (¢ + 1) x (¢ + 1) grid.

Let D be a dominating set of size | D| < 2¢+1, and let [,, and [}, stand for the number of
vertical and horizontal lines in D, respectively. If I, = g + 1, then for each vertical line we
must have either the line or a point on the line in D, hence |D| > 2q + 2, a contradiction.
Thus I, < ¢, and similarly /,, < q.

If I}, = q, then for all the ¢ 4 1 points on the horizontal line not in D, D must contain
either the point or the vertical line through it, whence |D| > 2¢q + 1. Since we assumed
|D| < 2g + 1, we now have |D| = 2¢ + 1. Moreover, note that D is independent in this
case. A similar argument works for [, = q.

Suppose now I, < g —1and [, < g — 1. The lines of D leave exactly (¢+1—13)(q¢+
1 —1,) points not covered, which all must be in D, whence

(@+1)° = U+ L) (g+1) + Il + (In +1,) < |D| < 2g + 1.

Asly < g¢—1landl, < g—1,wehavel,+1, < 2¢—2andlpl, > (¢—1)(Ip+1,—(¢—1)),
hence

20+1> (q+1)2 = (I +1)g+1nly > (g+ 1) = (Il +1,) — (g—1)? > 4g — (2¢ — 2),

IThe authors wish to thank Sam Mattheus (VUB) for this remark.
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a contradiction.
We can conclude that the size of a dominating set D is at least 2¢ + 1, and that D is
independent in this case. Theorem 2.1 assures that such a dominating set indeed exists. [

From now on, we will assume that our generalized quadrangle is thick; that is, s > 2
and ¢t > 2.

The most trivial dominating sets are the union of a blocking set and a cover. If an
ovoid and a spread exist, then their union forms a dominating set of size 2st + 2. So by
Theorem 2.1, the union of an ovoid and a spread is definitely not the smallest dominating
set. Moreover, we can prove that any dominating set containing a blocking set or a cover
exceeds the size 2st + 1.

Lemma 2.3. Let D = Pp U Lp be a dominating set in GQ(s,t), s,t > 2, with Pp the
points and L the lines of D. If Pp is a blocking set or L is a cover, then |D| > 2st + 2.
Moreover, if equality holds, then Pp is an ovoid and Lp is a spread.

Proof. Assume without loss of generality that Pp is a blocking set. The case where Lp is
a cover can be showed analogously. Assume |D| < 2st + 2, then |Pp| < 2st +2 — |Lp].
Any point that is not in Pp needs to be covered at least once by a line of L. But since Pp
is a blocking set, each line of £ contains at least one point of Pp, meaning it can only
cover at most s points not in Pp. This gives us the following inequality:

(s+1)(st+1) < |Pp| + s|Lp| < 25t +2 — |Lp| + s|Lpl,

whence (s — 1)(st + 1) < (s — 1)|Lp], and thus st + 1 < |Lp] follows. Since Pp is a
blocking set, we have that |Pp| > st + 1. But then |D| = |P| + |£]| > 2st + 2, so the
lower bound on | D| is proved.

Assume now that equality holds. Then |Pp| = |£p| = st + 1 and Lp covers each
point not in D exactly once. We want to show that £ covers each point of Pp exactly
once as well. As Pp is a blocking set, its size implies it being an ovoid, so each line of
Lp covers at most one point of Pp. Suppose that there exists a point P € Pp not covered
by Lp. Then each of the (¢ 4+ 1)s points collinear with P, which are not in Pp, must
be covered by a line of £Lp which, due to the projection property, are pairwise distinct,
implying |Lp| > st + s > st + 1, a contradiction. Hence L, is a cover of size st + 1, that
is, a spread. O

Lemma 2.3, together with Theorem 2.1, motivates the following definition:

Definition 2.4. Let D be a dominating set in GQ(s, t). Then D is a small dominating set
if |D| < 2st+ 1.

The following two lemmas also provide us with some information regarding the size
of a dominating set or, more precisely, regarding the size of the set of points and the set of
lines contained in a dominating set.

Lemma 2.5. Let P be an arbitrary point set in GQ(s, t). Assume there exists a number A
such that
VPeP:{QeP|Q+#PQ~P}>A.

Then the number of lines in GQ(s, t) not blocked by P is at least

PlA

(t+1)(st+1—|7>|)+8+1.
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Proof. For any line £ in GQ(s, t), define the degree d(¢) of £ as the number of points in P
which are incident with £. Let £}, be the set of lines blocked by P. Then

Lol = |P(t+1) = D> (d(0) — 1). @.1)

LeLly

Now let X = {(P,Q) | P,Q € P,P # Q,P ~ Q}. Then we have the following
inequalities:

PIA<|X]= )" d(0)d(0) = 1) < (s+1) Y (d(6) — 1),

LeLly LeLy
implying that % <> ter, (d(f) — 1). Together with (2.1) this yields:

_Pla

< .
Ll < PIE+ 1) - 55

Since the total number of lines in GQ(s, t) is (¢ + 1)(st + 1) it follows that the number of

lines not blocked by P is at least (¢ + 1)(st + 1 — [P|) + 212 O

If P is the point set of a dominating set, then Lemma 2.5 gives a lower bound on the
number of lines contained in this dominating set. By dualizing this lemma we find:

Lemma 2.6. Let £ be an arbitrary line set in GQ(s,t). Assume there exists a number A
such that
Ve LlL:[{meLl|m#Lm~L}>A.

Then the number of points in GQ(s, t) not covered by the line set L is at least

£]A

(s+1)(st+1—\£|)+t+1.

Notation 2.7. Let D be a dominating set in GQ(s, t). Let Pp and £p denote the point set
and the line set of D, resp. Define P’ and L’ as the set of points and the set of lines resp.,
that are not covered by £p and not blocked by Pp resp. We will use this notation in the
sequel implicitly. Note that by the definition of a dominating set, P’ C Pp and L' C Lp.

The following Lemma allows us to apply Lemma 2.5.

Lemma 2.8. Let D be a dominating set in GQ(s,t). For any point in P’, the number of
points in P’ collinear with it is at least Ap := st+s— |Lp|. For any line in L' the number
of lines in L' concurrent with it is at least Ag := st +t — |Pp)|.

Proof. Let P be an arbitrary point in P’. Then each line of D covers at most one point
collinear with P. Hence, there are at least Ap := (¢t + 1)s — |Lp| points collinear with
P which are not covered by a line of D. These points must be in P’. So each point of
P’ is collinear with at least Ap other points of P’. Dually, we have that each line of £’ is
concurrent with at least A, := st + ¢ — |Pp| other lines of £’ O

From the next lemma follows that Ap and A, are non-negative.
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Lemma 2.9. Let D be a dominating set in GQ(s,t). If|D| < 2st + 1, then

st—s+1<|Pp| <st+t, (2.2)
st—t+1<|Lp| < st+s. 2.3)

Proof. Assume |Pp| = st + 1 — ¢, then at least (¢ + 1) lines are not blocked by Pp and
have to be in £p. This implies that

2st+1>|D|=|Pp|+|Lp| > st+1—e+e(t+1),
from which follows that e < s. Hence |Pp| > st — s + 1. From this we obtain
2st+1>|D| = |Pp|+|Lp| > st—s+1+|Lp|,

hence |Lp| < st + s. The other two inequalities follow similarly. O

3 The domination number of GQ(s, t), |s — t| small
Theorem 3.1. The domination number of GQ(s,t), where |s — t| < 3, is 2st + 1.

Proof. By Theorem 2.1, it is enough to show I'(GQ(s, t)) > 2st+1. Assume a dominating
set D exists with size smaller than 2st + 1. When lines or points are added to a dominating
set, it still remains a dominating set, so without loss of generality we may assume that D
has size |D| = 2st.

Let! = |Lp| and p = |Pp|, and let Ap and A be as in Lemma 2.8. By Lemma 2.5

we have that the number of lines not blocked by P’ is at least (st+1—|P’|)(t+1)+ ‘Z/LAlP

Since each point of D can block at most ¢ + 1 lines, the number of lines |£’| not blocked
by D is at least

P A
212 (st 41 [P+ 1) + 52— o e+ )
[P |Ap
= 1—-p)(t+1 .
(st+1=p)(t+1)+ "

Dually, by Lemma 2.6, we find that

[£AL

!/
> — .
[Pl 2 (st +1-D(s+1) + -5

Suppose, say, I < p (we may consider the dual quadrangle otherwise). Let 0 < e < ¢ be
such that p = st+e€, [ = st—e (cf. Lemma 2.9). Filling in these and Ap = st+s—1 = s+¢
and Ay = st+t—p =t — ¢, multiplying by s + 1 and ¢ + 1 resp., and rearranging we get

s+ D)L= (s+a)|P|>Q—e)(t+1)(s+1), 3.1
t+DP|—E—e)L|>0+e)(t+1)(s+1). (3.2)

Suppose |P’| < |L’|. Then (3.2) yields
A+et+1)(s+1) < E+DP[=(t—e)lL] < (1+¢)|L'] < (1+€)|Lp| < (1+e)st,
a contradiction. Hence [P’| > |£'|. Then (3.1) gives

Q-+ D(s+1) <(s+DL]=(s+e)|P|<Q=¢)P|<(1—e)st+1),
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a contradiction if € < 1; thus € > 2. Adding up (3.1) and (3.2) we find
2(t+1)(s+1) < (t—s—e+1)|P'|—(t—s—e—1)|L'| = (t—s—e—=1)(|P'|—|L'|)+2|P’|.

Ast—s<3,e+1>3,|P|—|L| >0and|P'| <|Pp| < st +t, this is a contradiction.
Consequently, |D| > 2st. O

Corollary 3.2. The domination number of GQ(q, q) is 2¢>+1, and the domination number
of GQ(q+1,q— 1) and GQ(q — 1,q + 1) is 2¢®> — 1.

This corollary applies to the well-known quadrangles W (q), Q(4,q), T2(O) (these
have order (q, ¢)), Ty (O) (of order (¢ — 1,qg + 1), q even), AS(q) (of order (¢ — 1,q + 1),
g odd) and their duals (of order (¢ + 1,q — 1)). Let us note that these quadrangles yield
isomorphic incidence graphs in many cases. Clearly, the incidence graphs of a GQ and
its dual are isomorphic. Let us now fix ¢. It is known that W (q) is isomorphic to the
dual of Q(4,q), and that T»(O) is isomorphic to Q(4, q) if and only if the oval O is a
conic [ 13, Section 3.2], which is certainly the case when ¢ is odd by B. Segre’s celebrated
result. However, when ¢ is even, O may be an oval that is not a conic, in which case the
construction T5(O) gives new instances of GQs of order (g, ¢) and corresponding incidence
graphs. In case of order (¢ — 1, + 1), ¢ even, there are also examples of GQs other than

15 (0) [15].

4 Classification of the smallest dominating sets in GQ(q, q)

Corollary 3.2 shows that all small dominating sets in GQ(q, q) have size 2¢*> + 1. More-
over, we already have two constructions of small dominating sets, namely the construction
from Theorem 2.1 and its dual. In this section we show that these are the only two small
dominating sets.

First we need a few lemmas regarding the structure of small dominating sets in GQ(g, q).

Lemma 4.1. Let D = Pp U Lp be a dominating set in GQ(q, q) of size 2¢*> + 1. Then P’
is not a partial ovoid and L' is not a partial spread.

Proof. Tt is sufficient to show that P’ cannot be a partial ovoid. It then follows by duality
that £’ cannot be a spread. So assume to the contrary that P’ is a partial ovoid, this will
lead to a contradiction.

Take a point P € P’. Since P’ is a partial ovoid, all points collinear with P are not in
P’. So they need to be covered by at least g> + ¢ different lines from £p. By Lemma 2.9
we now have that |£p| = ¢*> + gand [Pp| =¢®> —q+ 1> |P'].

Now let n) be the number of lines that are blocked by points of Pp \ P, but are not in
Lp and are not blocked by a point of P’. Then we can count the total number of lines in
GQ(g, 9):

P+ +q+1=Lpl+ (¢+ P +n.
Note that n < (¢% — g + 1 — |P’|)q, since each point of Pp \ P’ is covered at least once
by Lp, so it contributes at most ¢ lines to 7. Remember that |£p| = ¢ + q. We now find
that:
¢+ +a+1<@+a+ @+ DIP|+ (¢ —q+1-[P))a.
which implies that |P’| > ¢® — ¢ + 1. This means that P’ = Pp. So all points of the
dominating set are uncovered.
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Since |£p| > ¢* + 1, the set of lines £p cannot form a partial spread, meaning some
of these lines must intersect. Assume there exist three lines /1, (5, /3 € Lp such that ¢,
intersects both ¢y and /3, in different points. Each point Q € Pp can be projected onto
£1. The projection point needs to be different from the points where /5 and /3 intersect
¢1. Otherwise, there would not be enough lines in £p to cover all points collinear to Q.
Different points from Pp will have different projection lines, since no two points from Pp
are collinear. This implies that [Pp| < (¢ — 1)g = ¢* — ¢, which is a contradiction. From
this we can conclude that each line of £ must cover at least ¢ points which are not covered
by any other line of Lp.

We can now start counting again:

P+ +q+1>|Ppl+dllpl=—q+1+49(®+q) =¢* +2¢° —q+1,

from which g < 2 follows, yielding an obvious contradiction. Hence, P’ cannot be a partial
ovoid. O

Note that since P’ C Pp, this lemma implies that Pp cannot be a partial ovoid either
and, dually, £p is not a partial spread.

The following two theorems give a characterization for the dominating set constructed
in Theorem 2.1, and its dual.

Theorem 4.2. Let D = Pp U Lp be a dominating set in GQ(q, q) of size 2¢*> + 1. Let the
degree d({) of a line £ be the number of points of P’ that are incident with £. If all lines in
GQ(q, q) have d(¢) € {0,1,q + 1}, then D is the dominating set from Theorem 2.1.

Proof. Suppose that every line £ of the GQ(q, ¢) admits d(¢) € {0,1,q + 1}. If there is
no line with d(¢) = ¢ + 1, then P’ is a partial ovoid, which is not possible according to
Lemma 4.1. So there is at least one line with degree ¢ + 1. Then every point of P’ must
be contained in a line of degree at least two since either it is contained in a line of degree
q + 1 or it can be projected to one such line, and then the projection line has degree at least
two. Since as soon as a line has degree at least two, it is completely contained in P’ as a
point set, this yields that P’ can be obtained as the union of some lines.

Assume there are two non-intersecting lines £ and m contained (as a set of points) in P’.
Then each point of ¢ can be projected onto m. All these projection lines have degree at least
two, so they are contained in P’ as well (as point sets). But then |Pp| > (¢+1)? > ¢* +q,
which contradicts Lemma 2.9.

Hence, P’ is a set of k lines through a point P. Note that |P’| = kq + 1, so by
Lemma 2.9, 1 < k < q. There are ¢ + 1 — k lines through P that, aside from P itself,
do not contain points of P’. So all points on these lines, except for P, must be covered.
This leads to (¢ + 1 — k)q lines from L£p. These lines of £ cover altogether at most
(¢ + 1 —k)q(q + 1) points. The other lines of L can cover at most ¢ points that are not
covered yet by these first lines. This leads to the following inequality:

P+ +q+1<kqg+1+(¢+1-k)g(g+1)+ ([Lp|— (¢+1—k)q)q
=kq+14+(q+1-k)*+¢+q—kq+|Lplg—(g+1—k)q®
=¢+q+1+|[Lplg,

hence |Lp| > ¢%.
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The number of lines blocked by the elements of P’ is kq? + ¢ + 1. Consider a point Q
in Pp \ P’. This point needs to be covered at least once by a line of L. By projecting this
point on one of the k lines through P, we see that there is at least one line through @ that is
already blocked by a point from P’. Hence, each point of Pp \ P’ can block at most ¢ — 1
lines that are not in £ and are not blocked by a point of P’. So for the size of this set we
obtain

+¢®+q+1-|Lp|— (k> +¢+1) _¢*+¢°—k¢* — |Lp
qg—1 qg—1 '

P\ P’ =

Using this inequality and the observation that |£p| > ¢2, we find for the size of the domi-
nating set D = (Pp \ P') UP' U Lp that

@ +q* —kq* — |Lp|
q—1

@ +q* — kqg?

1 3—k2
qu—i—kq—i-l—i—(l—ql) |ED|Z%+I€Q+1+(]2

Dl

Y

+kq+ 1+ |Lp]

1-k
=q2+(1—k)fJ+(1—k)+(]_71+kq4—1+q2

:2f+q+2—k—ﬁil
q—1
Now assuming k < ¢, we find that |D| > 2¢? + 1, which is a contradiction. So the
only possibility left is k& = ¢. In this case P’ consists of the points on ¢ lines through P,
and |P’| = ¢® + 1. The number of lines blocked by these points is ¢> + ¢ + 1. Since
|Lp| > ¢?, all lines not blocked by the points of P/ must be in £p. So D is the dominating
set constructed in Theorem 2.1. O

Dualizing this theorem gives us a characterization for the dual of the construction in
Theorem 2.1.

Theorem 4.3. Let D = Pp U Lp be a dominating set in GQ(q, q) of size 2¢*> + 1. Let
the degree d(P) of a point P be the number of lines of L' that are incident with P. If
all points in GQ(q, q) have d(P) € {0,1,q + 1}, then D is the dual dominating set from
Theorem 2.1.

We will need the following lemma, which is actually a variation on Lemma 2.5.

Lemma 4.4. Let D = Pp U Lp be a dominating set in GQ(q,q) of size 2¢> + 1. Let
p = |Pp|, | := |Lp|, and define Ap = ¢* + q— 1l and Ay = ¢*> + q— p as in Lemma 2.8.
Define the degree d({) of a line ¢ as the number of points from Pp incident with ¢, and
the degree d(P) of a point P as the number of lines from Lp incident with P. Finally, we
introduce

D)= (¢+1-d@)AQ) - 1)+ Y (g+1—d(0))(d(t) —1)
Q¢Pp LE¢LD
+ Y AP+ Y A,

PePp leLp
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Then

p>(*+1-0(g+1) (1AL +¢(D)),

_i_i
qg+1

1> <q2+1—p><q+1>+ﬁ%<pAP+c<D>>.

Proof. Letp’ := |P'| and I’ := |L£'|. Note that for a line ¢, d(¢) > 1iff £ ¢ L'. With
p(g+1), we count each line ¢ blocked by Pp, exactly d(¢) times, hence the number of lines
blocked by Pp is

pla+1) = > (@O -)— > (@dO-1

¢Lp LeELD\L!
“.1)
=plg+1)— > (@A) —1) - (Z d(é)l+l’> .
L¢Lp teLp

Recall that I’ equals the number of lines not blocked by Pp, hence I’ = (¢* + 1)(¢ + 1) —
(4.1). From this it follows that

I=(@+1=p)g+1)+ Y @O -1+ > d(®). 4.2)
L¢Lp LeLp
We will estimate the middle term using
(@+1) 3 @O -1)= 3 dOEO) -1+ Y (a+1-d@)dE) - 1). 43)
e¢Lp e¢Lp (¢Lp

Note that the second sum on the right-hand side is a part of ¢(D). For the sum
> ogcp, d(0)(d(¢) — 1) we can find a lower bound as follows.
For P € Pp, let N'(P) denote the number of points of P’ collinear with P. Then

> d@)d@) - 1) = {(P,Q,0): L ¢ Lp,P € Pp,Q € Pp, P ~Q,PQ = (}|
tio > {(P.Q.0): (¢ Lp,P€Pp,QeP,Pr~Q PQ=1}
={(P,Q): PEPp,QeP . P~Q} =Y N(P)

PePp
Let P € Pp. Then we have
[>d(P)+ Y d@) =d(P)+ > dQ)
Q~P Q~P
PQ¢LD Q¢P’
PQ¢LD
=d(P)+ (q+1-d(P))g— N'(P)+ Y (d(Q)—1),
Q~P
QEP’
PQ¢LD

whence
N'(P) > Ap—(q—1d(P)+ > (A(Q) —1).
Q~P

Q¢P’
PQ¢LD
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With this we find
SN ZpAp—(g—1) Y dAP)+ > > (d@) -1)
PePp PePp PePp Q~P
QEP’
PQ¢LD
>pAp—(g—1) Y dP)+ > > (dQ) -1
PePp PePp Q~P
QEPp
PQ¢LD
=pAp—(g=1) > dP)+ > > (dQ) -1).
PePp Q¢Pp PEPp
Q~P
PQ¢LD

As for each point Q ¢ Pp, there are ¢ + 1 — d(Q) lines on () that are not in £, and each
of these must be incident with a point of Pp, we find that

YoN(P) zpAp—(g=1) Y AP)+ Y (¢+1-d@)AQ) - 1).

PePp PePp Q¢Pp

AS Y yer, dl) = X pep, d(P), we conclude

Yo ADEAEO) 1) 2 pAp —(¢=1) Y A+ Y (¢+1-d@Q)(AQ) ~1).

¢Lp teLp Q¢Pp

Together with (4.2) and (4.3), this gives the second desired inequality. The other inequality
is showed analogously. O

Note that P’ = Pp and L' = Lp are equivalent. Also note that if this is the case, then
Yo 2, d(€) = 0. We can now prove the following Theorem, giving a classification of the
small dominating sets in GQ(q, q).

Theorem 4.5. Let D = PpULp be a dominating set in GQ(q, q) with size |D| = 2¢® +1.
Then D is the dominating set from Theorem 2.1 or its dual.

Proof. Define p = |Pp|,l = |Lp| and p’ = |P’|; note that p + | = 2¢® + 1. By duality,
we may assume that p > [ + 1 or p = ¢° (and [ = ¢* + 1). Define the degree d(¢) of a
line ¢ as the number of points from Pp, incident with ¢, and the degree d(P) of a point P
as the number of lines from £ incident with P. We will find lower bounds on the sums
from Lemma 4.4; let ¢(D) be defined as therein.

Define A := Ap = ¢> + ¢ — [ as in Lemma 2.8. For any point P € Pp, define
the number of neighbors N(P) := |[{Q | @ ~ P,Q € Pp}|. We immediately have that
N(P)>AifPcP . Ifl =¢?>+1,then A = q—1.Ifp > [+1,then¢®? —q+1 <1 < ¢?,
by Lemma 2.9. In both cases, we have that A Z 0 (mod ¢). We now consider two types
of points in P’ and their contributions to ¢(D).

e Type 1: P is incident with at least one line e with 2 < d(e) < q.

Since P is a point from P’, the line ¢ is not in Lp. So this line e contributes at least
q—1t 5., (¢+1—d(¢))(d(¢) —1). Note that on this line there are at most
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q points of Type 1. Assume there are k points of Type 1, then we find the following
lower bound:

> (g+1-d@)(d(@) —1) > k%. 4.4)
(éLp

e Type 2: All lines through P have degree 1 or ¢ + 1.

If A = N(P), then there are exactly A points in Pp collinear with P. But A # 0
(mod q), so then there must be at least one line ¢ through P with degree 2 < d(¢) <
g. Then P would be a point of Type 1. So we have N(P) > A.

Denote by z;(P) :== {R | R ¢ Pp,R ~ P,d(R) = i}|, fori = 1,...,q. Note
that, as P € P’ there are no points collinear with P with degree ¢ + 1.

Each point R ¢ Pp, with degree 1 < ¢ < g contributes (¢ + 1 —¢)(i — 1) to the sum
>o¢pp (@+1—4d(Q)) (d(Q) — 1). Such a point is collinear with at most g + 1 —
points of Type 2, since a line through a point of Type 2 is not in L£p, and either
contains no other points of Pp or contains only points of Pp. So the contribution of

Pto) gap, (@+1—d(Q)) (d(Q) — 1) is at least

(g+1-9)@E—-1) i .
Z xi(i —1).
g+1—i i=1

=1

Now we show that the contribution is strictly positive for each point of Type 2. So
assume this is not the case for a point P € P’ of Type 2, so each point Q ¢ Pp
collinear with P has degree d(Q) = 1. Since each line through P has either degree
1 or g + 1, there must be A lines through P which contain all points collinear with it
from P, for some 1 < A < g+ 1 (A > 0as N(P) > 0). So we already have Aq + 1
points in the dominating set.

On each of the other ¢ + 1 — A lines through P there are ¢ points with degree 1.
This gives us g(q + 1 — ) lines in the dominating set. Through each of these points
¢ Pp, collinear with P there are ¢ — 1 lines which are not in the dominating set and
are not blocked yet. Say there are x points in D, which are not collinear with P and
different from P itself. Each of these points can block at most ¢ + 1 — A lines which
are not yet blocked. From this follows (¢ — 1)g(¢ + 1 — A\) < z(¢+ 1 — X), hence
r>q%>—q.Since2¢> +1=|D|>X+1+2+(q+1-Ng=¢>+q+1+z,
wehavez = ¢> —q. As > +q > |Pp| =2+ Mg+ 1=¢*>+ (A —1)g+ 1, we have
A= 1and |Pp| = ¢* + 1, contrary to our assumptions.

From this follows that we may assume that for each point P of Type 2 we have
>1_,x;(i — 1) > 1. Note that there are p’ — k points of Type 2. This gives us the
following inequality:

> (g+1-d(@)(AQ) —1) > p — k. 4.5)
QE€Pp

Note that d(P) > 1 foreach P € Pp \ P',s0 >y, d(l) = > pep, d(P) > p—p'.
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Combining this with (4.4) and (4.5), and with k < p’ < pandp > q2, we get the following:

(D)= (qg+1—-d(0))(d() - 1)

(elp
+ Y (@+1-d@)(dQ) -1 +2 > d(P)
QE€Pp PePp

—1 —1
sz+p’—k+2(p—p’)2qu+p—k

q
k qg—1
>p—-—>p—>¢"—q.
q q
Thus, according to Lemma 4.4, we find
1
>(@P+1-D(q+1)+—— (1A +¢*—q),
p>(q )(g+1) qul( 1 +4d*—q)

1
> (?+1-— 1)+ —— (pA 2_q).
1> (¢*+1-p)(g+ )+q+1(p p+ 0 —q)

Now using 2¢> +1 = |D| = p+ 1, Ap = ¢*+q—1, Ay = ¢*> + ¢ — p, and that
pl < ¢%(q? + 1), we calculate the sum of these two inequalities:

p(@®+q—1)+Uq®+q—p)+2(¢° —q)

22 +1>q+1+

q+1
+1 +1) —2pl + 2(¢® —
_ g1y pHDalet D) =2l +2(q" —q)
q+1
—2pl +2(¢*> — q)
=q+14+q24+1)+
q q(2q ) ]
—92¢% —2¢% +2¢% — 2
> 247 42414 4“2 2
g+1

¢ +1
qg+1
>2¢° +2¢+1-2¢(¢° —q+1) =2¢° + 1.

>2¢° +2¢+1-2q

So we see that we actually reach equality. This means that all the estimates we used during
our countings were exact, hence we have k = p’ = p. As Pp = P’, every point P € Pp
has d(P) = 0. Equality with zero in (4.5) yields that for all Q ¢ Pp we have d(Q) = 1 or
d(Q) = ¢+ 1. By Theorem 4.3, D is the dual of the dominating set from Theorem 2.1. [J

5 Conclusion, remarks and open problems
The main results of this paper can be summarized as follows.
Theorem 5.1.

e The domination number of GQ(s,t) is at most 2st + 1.
o The domination number of GQ(q, q) equals 2¢* + 1.

o A dominating set of GQ(q, q) of size 2¢> + 1 is one of the two examples seen in
Figure 1.
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o The domination number of GQ(q —1,q+ 1) and GQ(q + 1,q — 1) equals 2¢*> — 1.

Let us outline some possible areas of further investigation in this topic. For the other
classical parameters, the calculations in Lemma 3.1 fail in general. Is the bound 2st + 1
for GQ(s, t) still sharp for general s and ¢? It would be also interesting to answer this
question for the classical generalized quadrangles. We have checked by computer, using
a simple linear integer programming model and Gurobi [7], for all classical GQs of order
(3,9), (4,8), (4,16) as given on Moorhouse’s webpage [12], and we have found the bound
sharp.

In W(q), or Q(4, q), if q is even, there exists an ovoid and a spread as well, giving rise to
a dominating set of size 2¢ + 2. This implies that there is no general stability phenomenon
for smallest dominating sets in GQs, unlike in the case of generalized triangles (projective
planes; see [ | 1]); that is, the size of minimal examples (with respect to containment) may be
arbitrarily close. However, the structure of the mentioned dominating sets are immensely
dissimilar. Is it true that minimal dominating sets of size 2¢* + 2 of a GQ(q, q) (or, more
specifically, W (q)) are the union of an ovoid and a spread? What size does the next smallest
minimal example for a dominating set in GQ(q, ¢) have?

Dominating sets of a graph G = (V| E) may be also viewed as a set D of vertices
such that V' \ D induces a subgraph of G such that every vertex has degree at least one
smaller than originally. If equality holds for every vertex of V' \ D, then D is called a
perfect dominating set. More generally, if we replace ‘at least one smaller’ by ‘at least ¢
smaller’, we talk about ¢-fold dominating sets and perfect ¢-fold dominating sets. Perfect ¢
fold dominating sets of the incidence graphs of projective planes, generalized quadrangles
and generalized hexagons have already been studied in order to produce upper bounds on
the order of some particular cage graphs (see [9] for an overview). In [5], perfect ¢-fold
dominating sets of the incidence graph of the desarguesian projective plane PG(2, q) are
completely described for small enough ¢, while the characterization of small dominating
sets of projective planes can be found in [I1]. In the case ¢ = 1, describing smallest
dominating and perfect dominating sets is quite easy, unlike in the here discussed case
of generalized quadrangles; see also [2] for results on perfect (1-fold) dominating sets of
Q(4, ¢). It would be also interesting to study ¢-fold (ordinary and perfect) dominating sets
of generalized quadrangles, ¢ > 2. Also, as a counterpart of ¢-fold dominating sets, finding
a (preferably large) subset D of the incidence graph such that each vertex not in D has at
most ¢ neighbors in D would be also interesting, as its complement induces a subgraph of
high minimum degree. Such subsets, asides being interesting in themselves, also may find
their applications in different topics as they do when the host graph is the incidence graph
of a projective plane; see [, 10].
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