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1. Introduction

It is well known that a smooth cubic surface over an algebraically closed field has exactly 27 lines [1].
However, the number of lines over a non-algebraically closed field varies. Naturally, the following
question arises: How many lines can a smooth cubic surface have over a non-algebraically closed field?
The problem of determining these numbers over the fields of R, Q, IF, where q is odd, and Fs has been
considered by several authors [2-5]. In [6], the author gives the possible number of lines of smooth
cubic surfaces over IF, where q is even. The number of lines of a smooth cubic surface is one of 27, 15,
9,7,5,3,2, 1, or 0[3]. The results on cubic surfaces with 15 or 27 lines over a given field are found
in [7-11], as well as using alternative methods in papers [12-14]. All the classification results agree

with an enumerative formula recently found by Das [15].

In this paper, we focus on smooth surfaces with at least 9 lines over various fields, characteristic 0 or
p. In [2], Schlafli described 27 lines of the cubic surface, explaining the line intersection properties.
Each line intersects ten others and skews to 16. He defined the term “double-six”, which has 12 lines
with some special properties, and another 15 can be produced by these 12. To give the intersection
properties of the lines for 9, we use the same idea of the double-six but for double-three. Smooth
cubic surfaces may only have less than 27 lines if the field is nonalgebraically closed. However, over
the algebraic closure of that field, the surface will have 27 lines. Therefore, we can use Schlafli labeling
to notate 9 lines. We will then prove that the line intersection graph of the smooth cubic surfaces

with 9 lines is unique.
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We go back to the original proof by Cayley and Salmon that the surface has 27 lines over the alge-
braically closed fields as we did in [11]. We see that there is a discriminant condition certain polynomial
of degree 5, which can have irreducible factors of degree 3 over the field F, which is not algebraically
closed. When this happens, we end up with cubic surfaces with 9 lines. Considering the rational
lines over a given field F, we formulate the conditions that the surface has 9 lines over the given
field. We describe smooth cubic surfaces with at least 9 lines using six parameters. Our approach is
experimental. We study some examples of smooth cubic surfaces with 9 lines that we obtain using
the computer algebra system Orbiter [16]. Once we observe the pattern, we make the computer free
proof. The proof is based on the symmetry of the projective group. We use the computer algebra
system Maple for the symbolic computations. When we extend the field over the algebraic closure TF,
the surface is complete to 27 lines since these surfaces are smooth. Using our model, we will show
examples of cubic surfaces over a field of characteristic zero and p. These examples would have 9, 15,
or 27 lines depending on whether the special polynomial is irreducible or reducible into two irreducible

polynomials or splits completely over the base field.

We give the rational parameterization of points of our new form. To do this, we study the birational
map between cubic surfaces and a plane, [9,17]. There is an exceptional locus, and the birational
map is defined outside the exceptional locus bijective. The exceptional locus of the map on the plane
is two conics and a line. The exceptional locus of the map on the surface is two skew lines and one

transversal line. We give them explicitly.

The smooth cubic surface has ¢>+tg+1 points where t is between -2 and 7, but 6 is never possible [18].
Studying the birational map helps us to prove that the smooth cubic surfaces with 9 lines have
q> +4q+ 1 points. If the cubic surface has a double-six, then the surface is smooth and has exactly 27
lines. However, if the surface has a double-three, it does not necessarily have exactly 9 lines. It can
have more lines, in which case the surface is singular. Hence, a necessary condition for the smoothness
of our new form is needed. We give this condition using the rational parameterization of our new

form.

In section 2, we will provide some basic theory about the cubic surfaces with 27 lines since the structure
of smooth cubic surfaces with 9 lines is the sub-configuration of the structure of cubic surfaces with 27
lines. In section 3, we show the uniqueness of 9 lines and investigate the configuration. In this section,
we also give our new form for smooth cubic surfaces with at least 9 lines using six parameters, and
we provide the conditions when the surface has exactly 9, 15, or 27 over the given field. In section
4, we provide examples of various fields, including Q and some finite fields. In section 5, we give the
rational parameterization of our new form and the condition when our form is smooth. In section 6,
we discuss future work.

2. Preliminaries

In this section, we provide some background material on cubic surfaces and projective geometry over

finite fields. For a deeper treatment, we refer to [11,19,20].

A finite field is a field with only a finite number of elements. I, is a finite field of order ¢ = p* where p is
a prime number. The characteristic of the field is the smallest n such that 1 +1+1+---+1 = 0. The

n times
characteristic of F, is p. F, = F,, adjoints all the roots of polynomials over F,. F, is an algebraically

closed field of characteristic p. F, contains every Fpe, for all e > 1. Each F), has a unique F,,.

Let F be a field. A projective space PG(n,[F) is a partially ordered set of subspaces of a vector space
v(n+1,F). It is a lattice with respect to “join” and “meet”. Join is the span of two subspaces. Meet
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is the intersection of two subspaces. In PG(3,F), a point is denoted by P = P(ap, a1, as,as3). A line
through the pOiIltS P(607 /81) ﬂ2a 63) and P(’YO7 71,725 73) is denoted by

/= L[ﬁo B B2 53]
Yo Y1 Y2 3

The plane consists of the non-collinear points P(ag, a1, as, a3), P(Bo, 51, B2, 53), and P(v0,71, 72, 73)
and is denoted by

o) 1 Qg Q3
T =v(coro+c1x1+caxe +c3z3) = | Bo 51 P2 B
Yo Y1 Y2 3

where ¢y, c1, co, and c3g are elements of the field F.

A conic is a curve of degree 2 in PG(2,F). It is either an irreducible conic, two distinct lines, or a
double line. The space of quadratic polynomials in three variables has dimension 6. To determine
conic in the associated projective space, 5 linearly independent conditions are required. A cubic curve
is a curve of degree three in PG(2,F). It is one of the following: an irreducible cubic, a conic, and
a line, 3 different lines, or 2 different lines such that one of which is a double or a triple line. To
determine a conic in the associated projective space, 9 linearly independent conditions are required.
A k-arc in PG(2,F) is a set of k points where no three are collinear.

Let m be a plane in PG(3,F), and @ be a point on 7. Let ¢; and {2 be two skew lines in PG(3,F) \ 7.
Then, there is a unique transversal line of /1 and ¢y through Q.

The automorphism group PT'L(n + 1,F) of PG(n,F) is the group of bijective mappings that preserve
collinearity. The collineation group contains PGL(n 4 1,FF) as subgroup which is the group of projec-
tivities of PG(n,F). PGL(4,TF) is transitive on the points, lines, and planes of PG(3,F). In PG(n,F),
any (n + 2)-arc can be mapped to any other (n + 2)-arc. The pointwise stabilizer of a hyperplane 7
in the PGL(4,F) is transitive on the set of two skew lines of PG(3,F) not in 7 which meet the fixed

plane 7 in two points.

Let f be a homogeneous cubic equation in 4 variables over the field F. A cubic surface F in PG(3,F)

is the zero set of f. For instance,
F=v(f) =v(aj+ai + a3+ a5 — (w0 + 21 + 22 + 23)°)
The cubic surface is smooth if the following system of equations has no solution:

f(zo, 21, 22,23) =0

Of (o,x1,22,23) _ 0

oxg
Of (zo,71,22,73) __ 0
oz -
Of (xo,x1,22,23) __ 0
0o -

Of (xo,x1,22,23) __ 0
Ox3 -

To define a cubic surface F in PG(3,F), it is sufficient to specify 19 linearly independent points on
it. A line in PG(3,F) either intersects cubic surfaces in three points, or it is the line of F. Therefore,
if the 4 points of the line are on the cubic surface, then the line lies on it. A cubic surface intersects
a plane in a cubic curve. If the surface is smooth, then that cubic curve is one of the following: an
irreducible cubic, a line, an irreducible conic, or 3 different lines. If the cubic surface intersects a plane

in 3 different lines, then that plane is called a tritangent plane.
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A “double-six” in PG(3,F) is the set of 12 lines

a1 a2 as a4 as a6
by by b3 by b5  bs

such that a; intersects b; if and only if ¢ # j, a; are pairwise skew, and b; are pairwise skew.

Figure 1. 19 independent points of cubic surfaces with 27 lines

A double-six determines a unique cubic surface with 27 lines. 15 further lines ¢;; are given by < a;, b; >
N < aj,b; > [2]. The red points in Figure 1 represent the 19 independent points that determine the
cubic surface with 27 lines.

When three lines of the cubic surface are concurrent at a point, then this point is called an Eckardt
point. From line intersection properties, only two cases are possible: either a;, b;, and ¢;; are concurrent
where i # j or ¢;j5, ¢, and ¢, are concurrent where 4, j, k, [, m, and n are all different. In the first
case, we notate the Eckardt point as E;;, and for the second case, Ej; i1 mmn-

There is a map between the cubic surface in PG(3,F) and a plane. This map is called Clebsch map
in [9]. Here, we refer to [9,11,17,20] and repeat the description of the map. Let F be a cubic surface
and 7 be a plane in PG(3,F). Let ¢; and {2 be two skew lines of F not lying on the plane 7, and
P =P(X) be a point of F which is neither on ¢; nor on fs. There is a unique line ¢ through P which
is the transversal to ¢; and f3. The line ¢ meets 7 in a unique point @ = P(Y). Let @ be the image
of P. Therefore,

. For
P—qQ

There is a unique line through @ that is transversal to ¢; and ¢5. This line intersect F in 3 points.
Two of them are on ¢; and {5, let the third one to be P. The inverse ®~! of this map moves Q to P.

Figure 2. Birational map from cubic surfaces with 27 lines to 6-arc not on a conic

Some properties of this map are as follows: Consider that the surface F has 27 lines. Each line of the
half double-six of 7 maps to a single point in 7 under ®. These six points form a 6-arc not on a conic
in the plane, see Figure 2. Outside these six lines, the map is bijective.
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The following lemma is elementary. For a proof of the lemma, see Proposition 7.3 in [21]. For the
sake of completeness, we include the reference of the previous paper of the author [11].

Lemma 2.1. [11,21] Let F be a smooth cubic surface with at least one line. The number of tritangent
planes through a line of F is one of 0, 1, 2, 3, and 5 but never 4.

Lemma 2.2. [1] If two lines of a smooth cubic surface intersect, then they span a tritangent plane.

We introduce the following notation. Two tritangent planes are called disjoint if their line of intersec-
tion does not belong to F.

Lemma 2.3. [22] Any two disjoint tritangent planes of F determine a third.

The three tritangent planes in Lemma 2.3 give rise to 9 lines of F. These 9 lines give rise to three
further tritangent planes [11,20].

A trihedral pair consists of two sets of three tritangent planes, which pairwise intersect in 9 lines of
F [22].

Lemma 2.4. Let F be a smooth cubic surface with at least 9 lines over the field F. There exist at
least four tritangent planes of F.

ProOOF.

As 9 lines of F cannot be pairwise skew, there exist two lines #; and £ which intersect. From Lemma
2.2, there is a third line ¢3 such that ¢1, £5, and ¢3 form a tritangent plane. Any line not contained
in a hyperplane intersects the hyperplane at a point. In the case of a tritangent plane and a line of
the surface, this point of intersection must be on one of the three lines of the tritangent plane. Hence,
each m; such that ¢ € {1,...,6} intersect one of the ¢; such that j € {1,2,3}. This gives rise to 6
pairs (¢;,m;) of intersecting lines. By Lemma 2.2, these 6 pairs create at least 3 tritangent planes
different from the tritangent plane through ¢, /5, and ¢5. O

Lemma 2.5. Let F be a smooth cubic surface with at least 9 lines over the field F. Lemma 2.4
guarantees that there are at least 4 tritangent planes. If these 4 tritangent planes of F intersect
pairwise in a line of the surface, then they all intersect in the same line of F.

ProoF.

Let w1, mo, 73, and w4 be the tritangent planes arising from Lemma 2.4. Let m; and 7o intersect in
the line a; of F. Without loss of generality, we may assume that m; is spanned by ai, b2, and cj2, and
mo is spanned by aq, b3, and c13. The lines by and c1o are skew to the lines b3 and c13. Therefore, if
the third tritangent plane 3 intersects w1 and 7o in lines of F, this line must be a;. The same holds

true for my. O

Lemma 2.6. Let F be a smooth cubic surface with at least 9 lines over the field F. Then, there is at
least one pair of disjoint tritangent planes.

Proor.

From Lemma 2.4, there exist 4 tritangent planes of F. To show that a disjoint pair of tritangent
planes exist, we assume the opposite. From Lemma 2.5, these planes are all through the same line.
By Lemma 2.1, there exists a fifth tritangent plane in this pencil. This configuration gives rise to 11
lines of the surface. Because of Lemma 2.2, any further line would create another tritangent plane
not passing through a;, contradicting Lemma 2.5, and it is not possible that a smooth cubic surface
to have 11 lines. [
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3. Construction of a Smooth Cubic Surface with 9 Lines

This section proves the uniqueness of the line intersection graph of a smooth cubic surface with 9 lines
and defines double-three. Besides, is provides a new form of smooth cubic surfaces with at least 9

lines involving 6 parameters.

The result of Cayley (and Salmon) in [1] is strengthened for smooth cubic surfaces with 15 lines in [11].

In this section, we will strength this result for cubic surfaces with 9 lines.

Theorem 3.1. The line intersection graph of a smooth cubic surface with exactly 9 lines over F is

unique.

Proor.

Let F be a smooth cubic surface with 9 lines over F. By Lemma 2.6, there is a pair of disjoint tritangent
planes. Because of Lemma 2.3, there is a unique third tritangent plane which is also disjoint to others.
The 9 lines obtained in this way give rise to 3 more tritangent planes. Hence, there exists a trihedral
pair of F. In addition, there are 2 tritangent planes through each line of F. Moreover, each line in
the trihedral pair intersects 4 others and is skew to 4. Therefore, it is unique. [

Let ¢ be a line of F and m(u) be the plane through ¢. 7(u) intersects F in a conic C'(u) and the line
0. Let Q(p) be a quadratic polynomial which represents C'(u). We define A(u) as the discriminant of
the quadratic polynomial Q(u) as in the proof of Lemma 2.1.

Theorem 3.2. Let F be a non-algebraically closed field, and F be a smooth cubic surface with at
least one line. The smooth cubic surface F has exactly 9 lines over F if and only if A(u) consists of
an irreducible polynomial of degree 3 and 2 linear factors over F.

PROOF.

If A(p) has two linear factors over the field IF, then there exists 2 tritangent planes through ¢. With a
similar argument in the proof of Theorem 11 in [11], we start with a fixed tritangent plane. There is
one more tritangent plane through each of the three lines of the fixed plane. This gives 3 tritangent
planes different from the one we started with. Each tritangent plane gives rise to 2 new lines. Counting
all lines gives 1 +2+3-1-2 =9 lines. If F has exactly 9 lines, there are 2 tritangent planes through
each line of F from Theorem 3.1. Therefore, there are exactly 2 distinct solutions for p € F in the

A(p). Hence, A(p) has exactly two distinct linear factors. [

To give the intersection properties of the lines for smooth cubic surfaces with exactly 9 lines, we used
the same idea of double-six but for double-three.

Definition 3.3. Let F be a field. A double-three in PG(3,TF) is the set of 6 lines

a1 az as
by by b3

such that each line is skew to the ones in the same column or row and meets others. One row from
the array is called half double-three.

Once a smooth cubic surface include a double-three, then it follows with 3 more lines which arise from

the intersection of the following planes:
c12 = (a1, ba) N (az, b1)
c13 = (a1, b3) N (as, b1)

and
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c23 = (ag, bz) N (as, ba)

The intersection table of 9 lines can be seen in Table 1. We insert 1 in the table if the lines intersect;

otherwise, 0.

Table 1. Pairwise intersection table of the 9 lines

ap az a3 by by b3 c12 3 co3
ay — 0 0 0 1 1 1 1 0
a9 0 — 0 1 0 1 1 0 1
as 0 0 — 1 1 0 0 1 1
b1 0 1 1 — 0 0 1 1 0
by 1 0 1 0 — 0 1 0 1
b3 1 1 0 0 0 — 0 1 1
C12 1 1 0 1 1 0 — 0 0
C13 1 0 1 1 0 1 0 — 0
Co3 0 1 1 0 1 1 0 0 —

The following theorem presents a new form of a smooth cubic surfaces with 9 lines.

Theorem 3.4. Let IF be a field with at least 4 elements. Let a,c € F\ {0,1}, b,d € F\ {0,—1}, and
f,9 € F\ {0} such that b # d and f # g. Let Fupcd t.g = V(Japcd, f,g) D the variety over F given by
the equation fqp.c.d 1,9

2 2
doo2xire + dor2xor122 + do13zox123 + do2eToxs; + do23Tox2T3 )

2 2 2 2 _
+di12x{T2 + di13x{zs + di2ex125 + di23T12273 + di33x125 = 0

where

kKi=c+d+1
doo2 = bgks di13 = d112
ke =dg+c+g
d012 = g(a + b)/ig — f(bf + a)m d023 = —abg/ig
kys=cf+df —dg—c+f—g

do13 = fr1K4 digo = —cfry

ke =ag—bf +bg—a
do22 = agks di33 = cdf ky

ks = abd + acd + bed + ab
d112 = _(1 + d)fli4 d123 = (d — 1)Cfl<;4

kg = abc 4+ abd + bed + ab

k3 # 0, ka £ 0, ar1 +bc #0, and arg +bef #0
Let gqp,cd,f,g be the polynomial

Babedfg = Asp® + Agp® + Ay + Ao 2)
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in p such that
Ay = —bcdf (ac + ad + cd + a)(ag — bf + bg — a)

Ay = g? Ao + g(PAj1g + cAyy + A1) + Ao
Ay = a*(fAgo1 + Aaao) — abe(f? Ag1a + fA211 + A21g) + Az

As = (f — g)(ac+ ad + be + a)(adg + bef + ac + ag)

and
A2 = —a(d + 1)b(abd + acd 4 bed + ab) Agoo = g(dg + ¢ + g)(be + 2bd + cd + 2b)
Aj12 = —(a +b)(bd*f + abd — abf — adf — 2bdf) Asio = (c+d+1)(b+d—1)

A = a(d+1)(ab?f — ab® + abf + adf + V2 f +bdf)  Aoy1 = —2cdg +2cd + 2cg+dg—c+yg
Ar1g = a?b?f(d + 1)? Az10 = —g(dg +c+g)(b+d)
Aoy = —(c+d+1)(2bdg +be +2bg +cd+cg—c) Ay = —b*f(f —g)(2d - 1)

Ao = cf (bf + a)(abed + abd? + bed® — abe — acd — ad?® — 2bed — ab — ad)

Assume that the surface F ¢ 4 f,4 is smooth over F. The surface Fq 4,14 has at least 9 lines, six of
which form a double-three. The conditions on the exact number of lines of 7, .4 r4 depends on the

polynomial g4 c.4,7,4 Of degree three.

i. If the polynomial g, p 4,4 is irreducible over the field F, then the surface F,4 4,74 has exactly 9

lines.

ii. If g4 p.c,d,f,g is reducible into one irreducible quadratic polynomial and one linear over the field F,

then the surface F, 4 r,4 has exactly 15 lines.

iit. If a.p,c.d,f,g SPlits completely to 3 linear factors over the field IF, then the surface F, 4 7,4 has

exactly 27 lines.

In Table 2, the parametrization of the 9 lines of Fu 4. 4 7,4 can be observed.

Table 2. Lines of Fupcd 1,9

1 0 O 0
L , k1 =0
0 dizsz3 0 —d
a(b+1) 0 —b b 133 12 0001
ap =L as = a3 =L
a+b b 0 0 0010
—cd 0 0 K1 .
L , otherwise
1+4d 1 0 0
1000 01 0 O 1 1 1 0
by =L bo =L bs =L
0001 00 —-11 c(b—d)a 0 ke ari+ bc
1000 a 001 00 d 1
ci2=L ci3=L ca3 =L
0100 000b1 0c —11

PRrROOF.
The group PGL(4, F) is transitive on the planes. Therefore, we can start from any hyperplane. Hence,
we may pick m = v(x3). Consider that we want to construct a cubic surface F with 9 lines, including
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the double-three. Considering the sub-configuration of Schlafli configuration and the labeling for 9
lines, we may choose the labels that ai, as, as, b1, ba, b3, c12, c13, and co3. To determine this surface
F, we have to specify 19 independent conditions. Nine of them should be on the plane 7 since the
cubic surface intersects 7 in a cubic curve. We can assume that the coordinates of 4 of those 9 points
are P, = P(1,0,0,0), P, = P(1,0,0,0), P3 = P(1,0,0,0), and P, = P(1,0,0,0) since the projective
group of the plane is transitive on the quadrangles. Since PGL(4,TF) is transitive on the lines, we can
pick the first line of the surface F without any constraints. Let assume that the first line of F is

o |1000
0100

Since c19 lies on the surface F, there are 2 more independent points on the intersection ¢joNF. Assume
that P = P(1,1,0,0) and Ps = P(—1,1,0,0) are the points of F as well as ¢ is transitive. It is
known that the pointwise stabilizer of the hyperplane 7 in the PGL(4,F) is transitive on the set of
two skew lines of PG(3,F) not in m which meet the fixed plane 7 in two points P; and P,. Therefore,
we are free to choose two skew lines not on the plane 7 through P; and P». Let

b=L| 10001 4 =L
0001

01 0 0
00 -11

are the two skew lines. by are through P; and Ps; = P(0,0,0,1) and by are through P, and P =
P(0,0,—1,1). It is known that there is a unique line through P, and transversal to b; and by. We call
this line is a line of F. Because of the configuration of 9 lines, we can label that line as a3 and it is

the line through P5; and P,
a5 = L 00 0 1
00 -11

From line intersection properties, we know that there exists a line co3 which meets b2 and a3 and skew
to ci9, i.e., not in m. When asg, be, and cog are not concurrent which means the Eckardt point E
does not exist, we may set the line co3 through Py = P(0,¢,—1,1) and P = P(0,0,d,1). Since P,
Ps, and Py are three distinct points from our assumption, we have 0 # ¢ # 1.

From line intersection properties, we know that there exists a line ¢;3 which meets b; and ag and skew
to cy9, i.e., not in . When ag, b1, and c13 are not concurrent which means the Eckardt point F3; does
not exist, we may set the line ¢35 through Pj; = P(a,0,0,1) and p’ = P(0,0,b,1). Since Py, Ps, and
Py1 are three distinct points from our assumption, we have 0 £ a # 1. Therefore, two lines of F are

001 0c—11
ci3=L|% and cop3 =L
B {001;1 2 [OOdl}

Since Ps, Ps, Ps, Pig, and p' are five distinct points on the line as, we have b,d ¢ {0,—1} and
b # d. Since there are already 4 independent points on a3, we do not count the point p’. The plane
7 intersects the line ¢13 at the point Pij3 = P(—a,0,b,0) and intersects the line cy3 at the point
Pys = P(0,—c,d+ 1,0). From line intersection properties, we know that there exists a line b which
meets c13 and co3 and skew to ag, by, b2, and c12. The line b3 cannot intersect the line through P; and
P5 and the line through P, and Pj since those lines already have 3 points of F each. The new line b3 is
either Py or P19 = P(f, g,1,0). For this new form, we consider the b3 is through P;. We know that the
line ¢13 and co3 are not in m, and they are skew. Hence, the transversal line b3 to c13 and co3 through Py
is uniquely determined. It intersects c13 at the point Py = P(ac(b — d), 0, kg, ak1 + bc) and intersects
co3 at the point Pis = P(0, —ac(b — d), k5, ak1 + bc) where k1 = ¢+ d+ 1, k5 = abd + acd + bed + ab,
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and kg = abc + abd 4 bed 4+ ab. Thus,

1 11 0

b3 =L
c(b—d)a 0 kg ari+bc

The line ¢13 already has 4 independent points of F which are p’, Py;, Pi3, and Pj4. Hence, it is a
line of F. The line cy3 already has 4 independent points of F which are P2, Pig, Py, and P;5. Thus,
it is a line of F. The lines by, bs, and by have 3 points of F each. Therefore, we force the points
P =P(1,0,0,1), P =P(0,1,—1,1), and Pig = a- Py5 + P14 to be on the surface F. The following
18 points are chosen to force the lines

b1,b2,b3,a3,c12,c13, and ca3

to be on the cubic surface. More conditions arise from the fact that the cubic surface intersects the
plane v(z3) in a cubic curve which consists of the line ¢j2 and an irreducible conic. Besides, we have
considered the 8 points on 7

Pl;P27P37P47P75P83P12a and P13

We need to force one further point of the surface to lie on this plane. We may pick the point
Py = P(f,9,1,0). The conic through Ps, Py, Pj2, Pi3, and Pjg is irreducible. This gives the
restriction on the parameters a, b, ¢, d, f, and g such that a,c, f,g # 0, f # g, k3 # 0, kg # 0,
ak1 + be # 0, and ake + bef # 0.

The points Py, ..., Pig define the cubic surface uniquely since they are linearly independent. Using
Maple, we compute the equation f,p .4 14 as in Equation 1 which is the unique equation of a cubic
surface Fypc.4,1,¢ defined by these 19 points. This surface also involves a double-three. By Theorem
3.1, we know that there is only one way to complete the configuration of the lines. By Definition 3.3,
further lines will be defined as a; and as. These further lines a; and as can be computed using Maple.
All these 9 lines can be seen in Table 2.

od Pis
f Py
13
P, @
.PH ! .PIS
by by
Q P- -PG s
@
" Py
o Pis Pir ¢ a3

Figure 3. Configuration of 19 points
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We check whether the cubic surface F 4 ¢ 4,4 has any further lines. The only possible way would be
the surface having 15 or 27 lines. This depends on the discriminant condition. By Theorem 3.2 and
Theorem 11 in [11], we know that it depends on the factors of the discirimant. Therefore, we need
to compute it. As in the proof of Theorem 3.2, we start with a fixed tritangent plane = = v(z3).
Consider the line

1000
0100

C12 =

and the planes

v(xe — pas)

through this line c¢12. Each of these planes intersects F, p ¢ 47,9 in c12 and in a conic C(p). Substituting
x9 = px3 into the equation of Equation 1, we find the conic equation C'(u) in xg, 1, and x3. Hence, we
calculate the discriminant A(yu) of C(p). It has a factor of the polynomial g, 4 ¢4, 1,4 Of degree 3 as in
the Equation 2. Similarly, considering the planes through a; and by, two further polynomials f, 4 ¢ 4 7.4
and hgp . 4 7 g of degree three arise. These polynomials are not stated due to space restrictions. For a
given field IF, if the polynomial g, cq,r4 is irreducible, then f,4 .4 74 and hyp .4 14 are irreducible,

and vice versa.

There are 2 tritangent planes of F,p .4 14 through each created 9 lines. Hence, there are either one
or 3 more tritangent planes through each line. Then, these further lines would arise from the new
tritangent planes.

If gq b.c,d, 1,9 is reducible into one linear factor and one irreducible quadratic, then the surface F, 5 c 4 1,9
has 15 lines over F from Part 2 of Theorem 11 in [11]. The further 6 lines arise as following: Each of
c12, a1, and by lies on one further tritangent planes, and each of which gives two lines to the surface.
This gives 3-1-2 = 6 further lines of F.

If g4p.c.d .t is reducible into three linear factors, then the surface 7, .4 1,4 has 27 lines over F from
Part 1 of Theorem 11 in [11]. The further 18 lines arise as following: Each of ¢12, a1, and by lies on
three further tritangent planes, each of which gives two lines to the surface. This gives 3-3-2 =18
further lines of F.

If the polynomial g4 47,4 is irreducible over [F, then the surface F, 4.4 7,4 has exactly 9 lines over
this field by Theorem 3.2. [

Remark 3.5. Figure 3 summarises the content of Theorem 3.4 by giving the configuration of 19
points on the cubic surface and forcing the surface including the double-three.

Remark 3.6. The cubic surface F,pq,r4 cannot have 2 specific Eckardt points. Therefore, we
cannot create all possible smooth cubic surfaces with 9 lines using this form.

Remark 3.7. The line b3 of Fy 4 4 7,4 could be through Pig instead P;. Considering this way would

give another form of such surfaces.
4. Illustrative Examples

This section exemplifies the aforesaid form over finite fields and fields of characteristic zero.
Example 4.1. The surface F_1,1,-12,1,1 given by the equation

—233%132 — 2x0T1T2 — 2207123 + 2x0x3 — 2xpx0T3 + 356%%2 + 3$%x3 — 93190% + 12073 + 2x1x§ =0
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is smooth over C. The polynomial
g-11,-12,-11= —6u° +10p% — 161 + 16

is irreducible over Q. Hence, the surface F_1 1,12 —1,1 has exactly 9 lines over Q. The polynomial
g-1,1,—1,2,—1,1 has one real and two complex roots. Therefore, by Theorem 3.4, it has exactly 15 lines

over R and 27 over C.

Example 4.2. Over F5, the cubic surface F214,24,1 given by the equation

3z¢xo + 30229 + 3233 + 203 + 41123 + 22123 + dwoT1T2 + BTOT1 73 + dTOT2T3 + T1T2T3 = 0
is smooth. Since the polynomial
8214241 = 2 +3u? + 4+ 3

is reducible into (1 + 1) and (2u? + p + 3) over Fs, the surface Fa1.4,2.4,1 has exactly 15 lines over this
field by Theorem 3.4.

Let 7 € Fa5 satisfy the equation 72 + 7 + 2 = 0. The polynomial

g214241 = 213 +3u? +4p+3
= (+1)2p* + p +3)
= (u+ D) (p+4r+ 1) (p+7+2)

is reducible into three linear factors over Fo5. Therefore, by Theorem 3.4, the surface F21424,1 has

exactly 27 lines over this field.

Example 4.3. Over F5, the cubic surface F4 14,241 given by the equation

3$%$2 + 3m%$2 + S:U%:Bg + 23:01‘% + 4m1$% + 2:E1:B§ + 3zorixo + 3xoT123 + 3T9T223 + T1T223 = 0

is smooth. Since the polynomial
84,1,4,2,4,1 = 3u3 +3u+2

is irreducible over [F5, the surface F4 14,241 has exactly 9 lines over this field by Theorem 3.4. Over
[Fa5, this polynomial is also irreducible. Therefore, the cubic surface Fjy1.4.24,1 has exactly 9 lines over
this field.

Let v € F195 satisfy the equation 13 + 4? + 2 = 0. The polynomial

8414241 = 33 +3p+2
= (4492 + 30+ 3)( + 492 + 20 + 1) (p + 202 + 1)

is reducible into three linear factors over IF125. Therefore, the surface F41,4.24,1 has exactly 27 lines
over this field by Theorem 3.4.

5. Rational Parametrization of the New Form

This section provides a parametrization of the rational points at lines of the cubic surface F,p ¢4, 19
given in Section 3. The proof of the following theorem is based on the birational map between the
cubic surface and a plane. In Subsection 4.2 of [11], rational parametrization of a smooth cubic surface
with 15 lines is given explicitly. The proof here and the remarks are similar to the proof of Theorem
8 and its following remarks in [11] but for the cubic surface with at least 9 lines Fy p . d, 1.9
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Theorem 5.1. Let F be a field with at least 4 elements. Let Fup.474 be the variety given in
Theorem 3.4. Assume that Fopcq ¢4 is smooth. Let P = P(xg,21,22,23) be a point on Fopcd f,g
and @ = P(yo,y1,y2) be a point in a plane so that P and @ are the images of each other under a
birational map

(I)a,b,c,d,f,g : Fa,b,c,d,f,g — PG(QvF)
P(zo, 71, 22,73) — P(y0,¥1,92)
Then, (zg, z1,z2,23) can be expressed as
zo = —g(a+b)rsydyr + ga(b+ 1)ksydys — (1 + d) frayoyt — fe(1+ d)kayoyrye

x1 = abgrsyoy1yz — cdf Kayiye — bgrsydyr — fr1kayoyT

3
w3 = abgkayoys — cdf Kay1ys — bgraysyz — frikayoy1ye “
z3 = gbraydyz + agrayiyo — cf kayzyr + doragoyrye — (14 d) frayiys

and (yo,y1,y2) can be expressed as
Yo = Tox2
Y1 = T1T2 + T1X3 (4)
Y2 = a3 + w273

up to a nonzero scalar multiple.

PRrOOF.
No generality is lost by picking the plane as v(x3), and the two skew lines by and by of Fypc.d,1.g

1000 01 0 0
by =L and by=1L

0001 00 -11
Let P = P(x0,x1,%2,x3) be a point on Foyp .4 fq but neither on by nor on by. To find the image @ of
P under @4 4 14, first we compute the transversal line £ of by and by through P. Then, we find the
unique point  where ¢ meets v(z3) as follows:

/=L o 0 0 To + I3

ToTo X1X2 + T1T3 a;% + x93 0
and
2
@b edf.gP(xo, x1,22,23)) = P(yo, y1,92) = P(xox2, 21202 + 2123, 25 + 273)
whose coordinates are given in System 4.

Conversely, let @ = P(yo,y1,y2,0) be a point in the plane v(z3). To find the image @ of P under

@;},’ ed,f.g° first we compute the transversal line ¢’ of b; and by through Q as follows:

EIZL Yo 0 0 Y2
Yo Y1 y2 O

Then, we find the three intersection points where ¢ meets Fabedfg by substituting the point

P(40,0,0,2) +t - P(yo, y1,¥2,0)
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of ¢ into the equation of Fyp 474 This gives a polynomial of degree three in ¢, for some t € F.

Solving this polynomial in ¢ gives 3 solutions as follows:
t1 =0
to=—1

and
abgksyoys — cdf Kay1y2 — bgrsyd — fr1KayoyL

 gbrsyd + agrsyeyo — cfkayayr + dorzyoys — (1 + d) fray?

t3

The point P(yo, 0,0, y2) arising from ¢; is the point where ¢’ meets the line b;. The point P(0, —y1, —y2, y2)
arising from ty is the point where ¢ meets the line by. Let P = P(xg, z1, 22, x3) be the third point of
intersection of ¢ with Fg 4,74 Hence,

o =1yo+13-Yo

r1 =13 Y1
To =13 - Yo
and
T3 = Y2

as in System 3. Then,
q);,lly,(;d,f,g(P(yO7 Y1, 3/2)) = P(‘Q;O: r1x2, .%'3)

O]

Remark 5.2. Let Fup.c4,7,9 be the smooth cubic surface over the field F as described in Theorem
3.4, and @, d 14 be the birational map from F, 4 14 to the plane embedded in PG(3,F) as the
hyperplane v(x3), described in Theorem 5.1. Consider the lines a;, as, and a3 of Fop ¢4 7,4 The map
@qbc.d fg sends the line a; to the point P(1,0,0), the line as to the point P(0,1,0), and the line a3
to the point P(0,0,1).

Remark 5.3. The exceptional locus of @, . 4 1,4 on the surface consists of 3 lines of F ¢ 4 1,4 Which
are by, by, and c12. The exceptional locus on the plane can be found explicitly by applying @;1137 cdifog
to P(xo, 21,22, 23) and then by applying ®, 44,19 t0 P(y0,y1,2). It consists of one line and two
conics in the plane, which are the line L’ through P(1,0,0) and P(0,1,0) and two conics

D1 = abgksyoyz — cdf kay1y2 — bgkays — fr1kayou

and
DQ = —f(l + d)/i4y% + ag(b + 1)H3y0y2 — Cf(l + d)/i4y1y2 + (—f/<61/£4 + d012)y0y1

The points of the lines b1 and by are mapped to the points of the conics D7 and Ds and the points of
c12 are mapped to the points of L’ under Dy bed,fg

Theorem 5.4. The cubic surface Fopc d r.g = V(fabed f,g) s described in Theorem 3.4 is non-singular
over I if and only if the certain four sextic curves in (2, F) never intersect at a point of Fypcd f.q-

PROOF.
The idea of the proof is similar to the proof of Theorem 9 in [11] but for F, 4.4 r4 The partial
derivatives of g p.c,q 7,9 as follows:

Nabc,d,f.g

2
o = 2doo2or2 + do127122 + do137123 + do2275 + do23 o3
0
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O ab,e,d

%fg = do12x0T2 + do13rors + 2di1971 20 + 2d1132123 + d19oxs + digzrexs + di33r
1

O abe,d

aaiifg = doo2w3 + dorawozy + 2doaawors + dogszoxs + di1275 + 2d1297172 + d1237173
2

and
HNapedf.g

2
D = do13xor1 + do2sror2 + di132] + di23x102 + 2d13321 273
3

Let P = P(xg,z1,22,23) be a point of Fapedfg- By substituting the coordinates of the point
P(yo,y1,y2) as given in Theorem 5.1 into the four partial derivatives of fq p.cd t4, We get four poly-
nomials S71,.52,53, and Sy of degree 6 in three variables yg,y1, and y». We did not present these
polynomials explicitly here so that they do not take up much space. The zeros of these polynomi-
als form curves Si1,82,83, and Sy of degree six in PG(2,F). The point P = P(xg,x1,x2,23) is a
singular point if and only if it appears on all the partial derivatives of fq 44 7,4 if and only if the
curves 51,82, 83, and Sy intersect at P. Therefore, the surface is non singular if and only if the curves
81,852, 83, and Sy never intersect in a point of Fypcq f9. [

6. Conclusion

In this paper, the theorems are proved with a computer-free proof. However, at the beginning of the
work, computers are used to produce data. Then, the data is analyzed to make a conjecture. To
follow this experimental approach, one needs to have good data. To have good data, one must have
the right computer software for computations. We use Orbiter [16], which is an open source. The idea
behind that paper has been found this way. This paper shows the uniqueness of the line intersection
graph of smooth cubic surfaces with 9 lines. The properties of line intersections are defined. A new
form of smooth cubic surfaces F,p . 4,74 With at least 9 lines is created. The conditions specify when
the surface has 9, when 15, and when 27 lines. This form is exemplified over several fields. Besides,

the rational parametrization of points and lines of Fop ¢ d f,g-

The Remarks 3.6 and 3.7 will be considered as a continuation of this work. All possible smooth cubic
surfaces with 9 lines can be created by considering Remark 3.6 and 3.7. Studying the sub-configuration
of Eckardt points of smooth cubic surfaces with 9 lines and investigating which cases are not covered
by the form in this paper are worth reaching that aim. Moreover, the solution can be found for
the other cases to generalize. Regarding Remark 3.7, the points P4, P15, and Pjg need to be reset.
Maple can be used to construct another form, covering all possible cases. Once these two remarks are
considered, the classification problem of smooth cubic surfaces with 9 lines over the small finite fields
can be considered. Therefore, the result herein can be verified by the enumerative formula of Das [15]

using the Orbit Stabilizer Theorem. Besides, one may generalize certain cases and find a family over
Q.

Even though it was a popular topic in the 19th century, it still maintains its current and interesting
nature. For recent related studies, see [23,24].
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