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1. Introduction

In [9] a family of degree 3m polynomials was presented with the aim of improving the lower
bounds for the maximal number of nodes or A; singularities in degree 3m complex algebraic
surfaces. Besides the classical Cayley cubic [6] and Kummer quartic [19] surfaces, previous lower
bounds were obtained in [4,7,8,20,23,25] and upper bounds in [5,18,22,26] (some images of low
degree surfaces with many nodes can be seen in [3]).

We denote by p4, (d) (pfﬁ) (d)) the maximal number of A, complex (real) singularities for a de-
gree d surface in the complex (real) projective space P3(C) (P3(R)). General lower bounds for the
number of nodes on degree d complex algebraic surfaces were given in [7]. The affine equations
describing the surfaces consist of the sum of the classical univariate Chebyshev polynomials and
the bivariate folding polynomials studied in [17,27]. By considering a different class of bivariate
polynomials, which were motivated by previous studies on substitution tilings constructed with
the help of certain deltoid tangents, new lower bounds for nodes were obtained in [9]. In [12] we
showed that there are real surfaces with the same number of real singularities as those studied
in [9]. The surfaces can also be defined over the rationals (or over the integers, after clearing the
denominators) as shown in [13] and the lower bounds are

u®Em) = w r’TmJ +(3mm-1)+ 1){
with explicit equations for the surfaces.

With the purpose of getting surfaces with many A, singularities with v > 1, a certain class of
Belyi polynomials (used instead of Chebyshev polynomials) together with the folding polynomi-
als were studied in [21]. By using other types of Belyi polynomials in addition to the bivariate
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60 Juan Garcia Escudero

polynomials presented in [9], hypersurfaces with many non-nodal singularities were also con-
structed in [10,11]. For cusps or A, singularities, we studied in [11] several special cases improv-
ing existing lower bounds and the results were extended in [10, Proposition 3.4], where we ob-
tained:
3m?*@3m-1)
2

An explicit equation for d =9 with 127 complex cusps is given in [11, Proposition 2].

In the cases of singularities of type A,, v > 2, some results for low degrees studied in [11] were
also extended in [10, Proposition 3.6] giving:

nm—

1
Ua,(3m) = +(3mim-1)+1) {TJ )

Hagme (32m+1)) =3m(10m +7) +4. 3)

In particular we showed that there are explicit equations for real surfaces of degree 9 with 55 real
A4 singularities [11, Figure 2(c)] and degree 15 with 166 real A; singularities [10, Figure 3].

In this work we generalise the results given in [10,11]. In order to investigate the existence of
surfaces with many singularities, we use the family of bivariate polynomials _¢ defined over Q
considered in [13] in conjunction with several families of Belyi polynomials, which we study in
Section 2. In Section 3 we first recall the results about nodal hypersurfaces obtained with _#
in [13], and then we construct families of surfaces with many A, singularities, improving the
corresponding lower bounds given in [21]. We also get explicit expressions in terms of Jacobi
polynomials for some cases in Section 4.

2. Belyi polynomials

If wy is a zero of a polynomial P(w), w € C, with critical value { = P(wy), then the order of a zero
wo of % is called its multiplicity v (all the derivatives of P(w) up to order v vanish at wy). A
univariate polynomial with no more than two different critical values is called a Belyi polynomial.
A graph without cycles (plane tree) with a bicoloring for the vertices is used to represent a Belyi
polynomial whose critical points have the multiplicities given by the number of edges adjacent to
the vertices minus one [2,21]. The degree of a vertex is the number of edges incident to it. A leaf
vertex is a vertex with degree one. Black and white vertices represent critical points with critical
value { = —1 and { = 1 respectively. Well known examples of Belyi polynomials are the degree
d Chebyshev polynomials of the first kind T;(w). The tree corresponding to Tg(w) is shown in
Figure 1, where the two leaf vertices correspond to non-critical points and the eight degree 2
vertices represent critical points with multiplicity 1.

N
T

VU \

eO—0—O ® ® OO0

Figure 1. Chebyshev polynomial Tg(w) (top) and its associated plane tree (bottom).
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We use the notation %, .,.(w) for a degree d Belyi polynomial having critical points
wy, Wy, ..., wy, of multiplicity v with critical value { = —1, one critical point wy of multiplicity v
with ¢ =1, and one additional critical point w, with multiplicity € and { = —1. The polynomials
are then solutions of AR () "

—4%fzﬁ4w—wwﬁw—wf£yw—wV
with Bg .y (w)=-1,1=1,2,...,n, Bg (W) =1 and B,y (w,) = —1 (the computation of some
Belyi polynomials has been done in [11,21] by choosing one critical point equal to zero).

When there is no critical point with multiplicity € and { = —1 we denote the polynomial either
by $Bg4,v,0(w) or B, (w). We also write B[k, ko, ..., k;] if the polynomial can be characterised by
the parameters ky, ko, ..., k; as in this section’s final remarks.

Lemma 1. There exist polynomials Qééli/(w), also denoted by%(” [n, m], with k — 1 critical points
of multiplicity v with critical value { = —1 and one critical point of multiplicity v with critical
value{ =1, wherek=3m+1, me Z* and

d=kv+1, v=3n+k-2, nez3, 4)
Q O 3 O
3 3
\\Z \J
3I
(a)
O
3n
3n 3n
3n 3n
(b)

Figure 2. Plane trees for 8.} (w). (@) d =12n+9,v=3n+2, n=0 (left), n = 1 (right). (b) d =21n+36,v =3n+5,

n =0 (left), n > 0 (right).

Proof. The starting point, for m = 1, is a plane tree made up of a central white vertex, 3 black
vertices and additional white vertices connected with the black ones (see Figure 2(a)-left). This
corresponds to k =4, n =0 in (4). We then successively add 3n € Z* edges (see the case n =1
in Figure 2(a)-right) connected to vertices with opposite color (in Figure 2(a)-right we only show
one edge with a number indicating the number of additional adjacent edges and omit 3 black
and 9 white vertices). We get the trees associated to the series ,%’ilz)n +9,3n42(W), NE 70,

In order to construct the initial trees for each of the remaining series, which correspond to
n=0in (4), weadd k—1=3m, m=2,3,4,... edges to the central white vertex in Figure 2(a)-left.

In this way we obtain the trees for %((Ilc)_l)z o (W) The case m = 2 is shown in Figure 2(b)-left.
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We use the trees of .98((1) 12, k- ,(w) as initial trees of the series obtained in the following way:

for each value of k we add 3n edges to each vertex in the corresponding tree, as in the m =1 case,
and we get the series

S +
‘% 3(n+3m(n+m)),3(n+m)— I(W) nez ,meZ 5)
In Figure 2(b)-right we represent the next step (k = 7), which corresponds to the series
‘%éll)n+36 apss(W), NEZT. .

Lemma 2. There exist polynomials %(2) (w) (#B® [j,n,m,1]) with b—1 critical points of multi-
plicityv with critical value{ = -1, one crmcal point of multiplicity v with { = 1 and one additional
critical point of multiplicity e with { = —1 where

d=bv+a, v=3n+b-1, e=a-1, nezz ©)

witha=3m+j,b=31+j+1,j€{0,1}, meZ* ifj=0,mez>ifj=1,andl=m,m+1,m+2,...

3n 3n

(a)

(b)

Figure 3. Planetreesforgé (w) (a)d=12n+15,v=3n+3,e =2, n=0 (left) and n > 0 (right). (b) d = 15n+21,
v=3n+4,¢=0,n=0 (left) andn>0(r1ght)

Proof. The initial trees are generated as follows.

(1) j=0. For me Z* and | = m,m+1,m+2,... the polynomials have trees made of a
central white vertex with b—1 = 3/ edges connected to black vertices, each one connected
to another 3/ white vertices. In addition, the central white vertex is connected to an
additional black vertex u which has a—1 = Sm —1 edges connected to white vertices.
The corresponding Belyi polynomials are BE (w). The tree for m =1,
I =1isrepresented in Figure 3(a)-left.

2) j=1. Forme 720 | = m,m+1,m+2,... there is a tree made up of a central white
vertex with b—1 = 3/ + 1 edges connected to black vertices, and each black vertex is
connected to b white vertices. The central white vertex is also connected to another
black vertex u which has a—1=3m edges connected to additional white vertices. The
corresponding Belyi polynomials are 8% (w). The tree for m =0,
I =1isrepresented in Figure 3(b)-left.

3m+3l(31+1) 3,3m-1

3m+1+(3l+1)(3l+2) 31+1,3m
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Therefore the initial trees are described by
dy=bvog+a, vo=b-1, e=a-1 @)

where a=3m+j,b=3l+j+1,j=0,1,mezZ if j=0,mez>ifj=1,l=mm+1,m+2,...
The trees in (1) and (2) are then used as initial trees for the following series. For each tree in (1)
and (2) we construct a series of trees by adding 3n edges connected to vertices of opposite color
for all the non leaf vertices with the exception of u, which is the only black vertex that remains
unchanged in the whole process. The two series we obtain in this way are:
3) j=0,d=Bn+3D@BI+1)+3m,v=3n+3l,e=¢y=3m—1,ne¢ 729 In Figure 3(a)-right
we represent thecase m=1,1=1: d=12n+15,v=3n+3,ne Z*.
4) j=1,d=03Bn+3l+1)@3Bl+2)+3m+1,v=3n+3l+1l,e=€y=3m,ne 7=°%. For m = 0,
I = 0 we have the series correspondlng to the bounds of (3). In Figure 3(b)-right we see
the trees for the series %15n+21 3n+d, o(w), ne Z form=0,1=1.

The series we obtain in (3) and (4) is

2
‘%3(m+l]+(n+l)(3[+]+1])+](]+2) 3(n+D+j,3m+j- 1( w) (8)

with je{0,1}, n,meZ"if j=0,n,mez>°if j=1,l=m,m+1,m+2,... O

Lemma 3. There exist polynomials 38(3) (W) (B9 [x,p,n,m,11) with p -1 critical points of
multiplicity v = x+3n+ p —1 with crltlcal value { = —1, one critical point of multiplicity v =
x+3n+ p—1 with critical value { = 1, and one additional critical point with multiplicitye = z and
{ = -1 in the following cases:
@ x=1:
(@l) p=3m-1,d=3(np+mBm-2)+1+1),v=3(n+m)-1,z=31+1;
(@2) p=3m,d=3(np+3m?>+1+1),v=3(n+m), z=31+2;
@3) p=3m+1,d=3(np+m@Bm+2)+1+1),v=3(n+m)+1,z=31+1;
(b) x=2:
(bl) p=3m-1,d=3(np+mBm-1)+1+1),v=3n+m),z=31+2;
(b2) p=3m,d=3(np+mBm+1)+1+1),v=3m+m)+1,z=31+2;
(b3) p=3m+1,d=3(np+3mim+1)+1+1),v=3(n+m)+2,z=3[;
() x=3:
(cl) p=3m-1,d=3(np+3m?>+1),v=3(n+m)+1,z=3I;
(c2) p=3m,d=3(np+mBm+2)+1+1),v=3(n+m)+2,z=31+2;
(€3) p=3m+1,d=3(np+Bm+D(m+1D)+1+1),v=3n+m+1),z=31+2;
wheremeZ*, p=4,nez®,1=0ifm=1and1=0,1,2,...,m-2ifm=2.

z

a-1

Figure 4. Plane trees for (left) Belyi polynomials in Lemma 3 with n = 0, (right) Belyi polynomials
Batcb-1), c-1, a—1 (W) with explicit equations given by G j, .(w). The number of edges with label y or c -1 is
indicated in brackets above the suspension points.
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Proof. The initial trees have the form given in Figure 4-left, which corresponds to ,%’é?,vg'e (w)
withdy =x+p+(p-1Dy+z, vo =y, €0 = 2. We look for the values of dy = 3g and v, satistying
[%J = [d‘:/—;lj —1=p-1 (see Section 3). We find the following solutions for x and z (p = 4,
meZ*,l=0ifm=<2and[=0,1,2,..., m-2if m>2):
(@A x=1:
(@l) p=3m-1,g=m@Bm-2)+1+1,vo=3m—-1,z=31+1;
(@2) p=3m,q=3m?>+1+1,vo=3m, z=31+2;
(@3) p=3m+1,g=m@Bm+2)+1+1,vo=3m+1,z=31+1;
(b) x=2:
(bl) p=3m-1,g=m@Bm-1)+1+1,vog=3m,z=31+2;
b2) p=3m,g=m@Bm+1D+I1+1,vo=3m+1,z=31+2;
(b3) p=3m+1,g=3mm+1)+1+1,vo=3m+2,z=3I;
(c) x=3:
(cl) p=3m-1,g=3m?>+1,vo=3m+1, z=31;
(c2) p=3m,g=m@Bm+2)+1+1,vo=3m+2,z=31+2;
(c3) p=3m+1,g=CBm+1)(m+1)+1+1,vg=3(m+1),z=31+2.
We now add 3n edges as in Lemma 2 and we get the series for .%S)Vye(w) with d = dy +3np,

v=vo+3n, €= ey neZ>. Theysatisfy -4 | =p-1,|%L| = p (see (18)). In Figure 5(a)—(b)
we show two examples which correspond to (x,z,y) = (1,1,4),(3,2,8) respectively: d = 12n + 18,
v=3n+4, neZ%° ¢ =1 (see Figure 5(a)) and d = 18n+51, v=3n+8, ne€ Z=°, ¢ = 2 (see Fig-
ure 5(b), where we have used the notation of Figure 4).

The polynomials corresponding to this lemma are

29 (w) 9)

3(m@m+m)+x-D+j(n+2m+| %) +1+1), 3(n+m)+j+x-1,31+2| 1+(| 55 |- 1) ]+ 1]

with j € {-1,0,1}, x€{1,2,3}, me Z*, n€ z*°,3m+j=4;I=0if m=1and [ = 0,1,...,m - 2 if

mz=2. 0
e (
“\r) \.j ) - \,‘) "‘»/ -
.\ / O o/ &~
NV & 3n
O
O O 0O O_ Y 3n an O O
~ | [ / | \\\ ‘\\[
O o0 &0 O— @ —O—&—O
- (X J Pz N
y N AN ,(/ \. N
5 . + ® O O ey O
1 A
O d
(@)
8 8 8 8
, N
N\ (5) / N (5)
@ °° /' 3n _‘\ e e o ‘/ a
N\ /
\ / /
~ N~
|\, |\,
0 .0
| |
2 2
(b)

Figure5. Plane treesfor 8 (w). (a) d =12n+18,v=3n+4,¢=1,n=0 (eft) and n> 0 (right). (b) d = 18n+51,

V)

v=3n+8,e=2,n=0 (left) and n > 0 (right).
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The analysis of the associated trees shows that in certain cases some polynomials given in
Lemma 3 coincide with some given in Lemmas 1 and 2. We now use the notation BV [n,m,
B?[j,n,m,1] and B¥[x,p,n,m,1] to compare the polynomials. For Lemma 3 (x = 2) and
Lemma 1 we have 2% [2,3m+1,n,m,0] = B [n+1, m] with n € Z=° and m € Z*. As an example
we can see that the tree in Figure 2(a)-right is the same as the tree of the case (x, z, y) = (2,0,5) in
Lemma 3 with d =12n+21,v=3n+5,¢=0, n=0, hence 8 [2,4,0,1,0] = BY[1,1]. The cases
with [ # 0in Lemma 3 are not included in Lemma 1 and the initial trees, associated to 81 [0, m] in
Lemma 1, are not included in Lemma 3. The comparison between Lemma 3 (x = 3) and Lemma 2
gives B9 ([3,3m—1,n,m,1] = BP[1,n+1,I,m-1]withne z%°, me z*%,1=0,1,...,m -2, and
BO3,3m+1,n,m,11=B?0,n+1,l1+1,mlfornez*°, me 7=, 1=0ifm=1,1=0,1,...,m -2
if m = 2. In addition to the initial trees, that correspond to %8 [0,0, m, I] and 8?[1,0, m, 1], there
are other cases in Lemma 2 which are not included in Lemma 3, like 8@ (1, n, m, m] with n € Z=!
me 7% and 890, n, m, m] for ne 7=, me 7=2,

3. Surfaces with many A singularities

The affine equations of the surfaces considered in this paper are obtained with the polynomi-
als 2 discussed in Section 2 and polynomials related to the family

7d,r(x» = A’d,THLd,TyN(x’ y) (10)
I3
where

6u-1 1 6u-1 7 (2m(6p-1 T
Ld,,”u(x,y) y+(cos(d (—6 n)) )ta (d(—G n))+sm(d( 6 n))

with p=—|%2|,-| 2| +1,-| 52| +2,..., | 4], (x,y) e R? and 7 € R. The parameters in (10)
are A, em-3a-1z = (- 1)™2d and Adr = 2cos(T+ dzn 2”) ift# (6m—-3d-1)Z%, me Z (the line
Larpu(x,y)=0 parallel to the y-axis is interpreted as the line x + 1 = 0).

The following result will be necessary in what follows [12, Lemma 1].

Lemma 4. The real polynomial J,(x,y) has ( ) critical points with critical value 0. The number
of points with critical value 8 is = d(d 3) zfd 0 mod 3, and W otherwise. The number of
critical points with critical value — 1 is < —d+1 ford =0 mod 3, and (dl)aﬂ otherwise.

In [13, Lemma 4.2] we have shown that

La(x,y) = fd,o(x,%) an
are defined over @), and also that we can get the Chebyshev polynomials from
-1
jd(z,O)z—ZTd(ZT)+1. (12)
There are families of degree d nodal hypersurfaces, defined over Q, with affine equations
Lalx, )+ = (3 FLa(2z+1,0)) = (13)
with (x, y,2z) € R3 and
Fa(x,y) = Falz,w) =0 (14)

with (x, 5,2z, w) € R* having many singularities as shown in [13, Theorem 4.3].

Nodal hypersurfaces obtained by generalising (13) and (14) have been studied from the point
of view of their invariants and projective rigidity in [14]. Related to _¢,; are also certain maximising
curves presented in [15]. The proof of [13, Theorem 4.3] is based on the characterisation of the
critical points of _#,;. This analysis, given in Lemma 4, together with the results in Section 2 leads
to the following.
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Proposition 5. The degree d = 3q surfaces with affine equations

(1)
%dve(w)+l

Fau,v) + — 5 =0, (15)
where (u, v, w) € C* and s =k, b, p for t = 1,2,3 respectively, have
dd-1)(s-1) d(d-3)
+ +1
2 3

(16)
singularities of type A, .

Proof. We denote by N;(_#) the number of critical points of _#;(u, v) with critical value { and
by N;(28,p) the number of critical points of 88(” (W) with critical value ¢ and multiplicity p.
Then the number of singularities of type A, of the surfaces described by (15) is No(_#) N_1(%8,v)+
N_1(Z)N1(%B,v).

According to Lemma 4, for d =3g+a, a € {0,1,2}, p € Z*, the polynomial _¢;(u, v) has
No(,#) = (%) critical points with critical value { = 0, Ng(#) = (d* —3d +2[%])/6 critical points
with { =8, and N_;(#) = (d? "%])/3 —d + 1 critical points with ¢ = —1 [13].

The derivatives of 8" (w) (s =k, b, p for t =1,2,3 respectively) are

d,v,e
a3y, (w
— = (w-wp) " (w—-w,) [[(w—wp)" (17)
dw I=1

with 38(” J(w)=-1,1=12,...,5-1 %g)w(wo) =1and %(” (wy) = -1if e # 0. Considering

the results of Lemmas 1, 2 and 3 we have N_l(.% v)=s-1 for s=k,b,pand N;(%,v) =1. On
the other hand, the number of critical points of _¢; for d =3¢q is Ny(_#) = d(d D , Ng( #) = d(d 3)

N_1( %) = @ + 1, hence, we see that the number of type A, singularities of the surfaces with

affine equations _¢;(u, v) + (,98(” (w) + 1)/2 = 0 is given by (16). In addition, when € # 0, they

d,v,e
d(d 1

also have singularities of type A, because N_;(%,¢) =1 and N; (%,¢) = O

The lower bounds for the maximal number of A, singularities given in [21] are improved

slightly. In that paper it is shown that there exists a polynomial M, J (w) of degree d with | %= 7 +1J

critical points of multiplicity j with critical value —1 and | 4L : - ]flj critical points with critical

value +1. If ng (1, v) denotes the folding polynomial associated to the root lattice A, obtained

in [17,27], then the surfaces with affine equations FAZ(u V) + Mj(w) = 0 have d(dz_l) [%J +
@(Ld; |- L]flj) singularities of type A; when d = 0 (mod 3).

The polynomials 8"

d,v,e

(w), t=1,2,3, have degrees d and multiplicities v satisfying

= <
—s—1, =5 (18)
v+1 1%

for s = k, b, p, hence the surfaces #,(u,v) + (%, (w)+1)/2 have one more A, singularity than
F (u, v) + MY (w).

4. Some explicit expressions in terms of classical Jacobi polynomials

In general Belyi polynomials can be computed only for low degree by using Groebner basis
(see [10,11] for some examples by using Singular computing tool [16]). In this section we analyse
some cases that can be obtained in terms of classical Jacobi polynomials P]lc’m (2) [1,24]. We extend
the results in [11] by considering the three-parameter family of degree d = a+(b—1)c polynomials

Gape(w) = w*PPS™"(1-2w)". 19)
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One of the zeros of d(;“'uj’" with critical value { = 0 has order v = a—1, there are also b—1 zeros with

critical value { =0 and v = ¢ — 1, while the unique remaining root w = 1 has v = b — 1 with critical
value ¢ = 1. The general form of the trees for G can be seen in Figure 4-right. The polynomials
used in this work have ¢ = b. We now show that some polynomials in Lemmas 1 and 2 can be
described in terms of G, 1, (w). No explicit expressions have been found for ‘%g},)v,e(w) in terms
of classical Jacobi polynomials (see Figure 4).

For the polynomials in Lemma 1 corresponding to n = 0 in (4) we have that

(Y (W) +1)/2 = Gz, 3m,3m (W) = W™ Py 3" (1 —2w)3" (20)

9m?2,3m—-1 m
has w = 0 with { = 0,(v =3m—-1), w =1 with { = 1,(v =3m—1) and 3m — 1 points with
(=0,(v=3m-1).

Example 6. Gs33(w) was already considered in [11, Proposition 2] for constructing a nonic
surface with 127 cusps, but the surface is not defined over the rationals, by contrast with
Fo(u, v) + (4B (w) +1) /2. The polynomial

(B (W) +1)/2 = Gep6(w) = wO(6 - 15w +20w? — 15w + 6w — w*)®

has critical points w =0,(v=5),w =2,(v=5),w = , (v = 5), with critical
value { =0 and w =1, (v = 5) with { = 1. The surface #3¢(u, v) + (88;25(10) +1)/2 is also defined
over Q and has 4177 complex singularities As.

The polynomials corresponding to the initial trees in Lemma 2 can be expressed as

(B o1y bt et (W) +1)/2 = Gapp(w) = w* PR =P (1 - 2u)" 1)

fora=1,3,4,6,7,9,10,...,3m,3m+1,... and b > a. In particular:

lié\/g’ (V — 5), w = 3i;\/§

@ _ - )
M ('%%Zr;z+3l(3l—1),3l—1,3m_1(w) +1)/2=Gspm, 3141, 3041 (W), meZ*, 1 = (f)n, m+1,m+2,...;
= —
) (333m+1+(31+2)(3l+1),3l+1_3m(w)+1)/2 = Gam+1,31+2,3142(W), me Z=°, l = m,m+1, m+2,...

Figure 6. A fragment of the real part of a degree 21 surface with A4 singularities.

Example 7.

(1) The lower bound p4,(15) = 376 was obtained in [11]. An explicit expression of (98%)'3'2( w) +
1)/2 = Gs44(w) is given in the proof of [11, Proposition 4]. The surface is defined over C,
whereas #15(u, v) + (825 ,(w) +1) /2 is defined over @, and both have 376 As and 105 A,

singularities.
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('-%’g,o(w) +1)/2 = G122 (w) is associated with the starting tree of the series with d = 67 + 3,
v = 3n+ 1, and the associated surface has the same number of nodes as the Cayley cubic
surface. This case is studied in [10, Proposition 3.6], where we derived the lower bound
given by (3). Explicit expressions for ‘%iiz,)l,o(w)’ d =9,15, were presented in [10,11] by using
Groebner basis, and the surfaces obtained give ;155) (9) =55 and uEﬂ?(lS) > 166. Another
particular case is

w
(B o (w) +1)/2=Gy55(w) = 30924 - 616w+ 504w? - 231w° + 44w*)®
which gives the degree 21 surface #;(u,v) + (93521) 10w+ 1) / 2, with 757 complex singulari-

ties A4. A representation of a fragment of this surface’s real part with the Surfer visualisation
tool can be seen in Figure 6.
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