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A dessin d’enfant or dessin is a bicolored graph embedded into a Riemann surface.
Acyclic dessins can be described analytically by preimages of Shabat polynomials
and algebraically by their monodromy groups. We determine the Shabat polynomi-
als and monodromy groups of planar acyclic dessins that are uniquely determined
by their ramification types.

1. Introduction

Popularized by Grothendieck in his “Esquisse d’un programme”, the theory of
dessins reaches across and connects multiple disciplines, including graph theory,
topology, geometry, algebra and complex analysis. Our motivation for this paper is
rooted in one of the fundamental questions in the theory of dessins — that is, how to
distinguish classes of dessins by means of topological, algebraic or combinatorial
invariants. In this paper, we focus our attention on this question by studying dessins
which are also trees. Since such dessins by any measure might be considered among
the simplest, it is worthwhile to have a complete catalog of the Belyi maps and
monodromy groups to which they correspond.

Our main objective in this paper is to determine the Shabat polynomials (up
to isomorphism) and monodromy groups corresponding to every known planar
connected acyclic dessin uniquely determined by its ramification type, the complete
list of which was given in [Shabat and Zvonkin 1994]. We begin in Section 1 by
providing the main result of the paper, followed by definitions and notation needed
to describe the class of dessins with which we are concerned, as well as some
necessary background about Shabat polynomials and wreath products. Readers
already acquainted with these subjects may wish to read Section 1A and skip
Section 1B. In Section 2 we provide a unique (up to isomorphism) Shabat polynomial
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for each ramification type corresponding to exactly one (planar) bicolored tree; in
Section 3 we provide the monodromy groups for each such ramification type. In
Section 4, we suggest future directions that may be taken from the results presented
here.

1A. Main results. Here, we state the main result of the paper in the following
theorem. The remainder of this section provides the background and preliminaries
for the rest of the paper. Theorem 1.1 lists the ramification types which correspond to
exactly one dessin which is a tree, along with the associated monodromy groups and
Shabat polynomials. Theorem 1.1 contains every such ramification type, as asserted
in [Shabat and Zvonkin 1994]. In Sections 2 and 3, we argue that Theorem 1.1 lists
the correct Shabat polynomials and monodromy groups.

Theorem 1.1. The following list includes all seven ramification types (degrees of
black vertices followed by degrees of white vertices) that produce exactly one dessin
which is a tree (see [Shabat and Zvonkin 1994]). Each ramification type given on
the list is followed by (a) the Shabat polynomial (unique up to isomorphism) and
(b) the monodromy group for the dessin.

1) [r:17]
(a) z"
(b) G
@) 2, 1:27,1]
(a) %(1 + cos((2r + 1) arccos(z)))
(b) Dy(2y+1), where Dy, denotes the dihedral group of order m
3) [27:2771, 17
() 1(1+ cos(2r arccos(z)))
(®) Daar)
@) [s" 1, 107DE=DFED] for 5 1 150

@ (1-2) (252 (4, 37)°

G, Cy, s =1,
) Snja tCas s #Et, 1 even,
AnjalCq, s#t, rodd and% is odd,

(A,,/d)d XCyg, §F#t, 1 o0dd, % even,
wheren = s(r — 1) +1t, d = gecd(s, t).
5) [r, e, 1712001 >
—1 t—1+j\_j —1 —14j +r—1 P
(a) 4Zr(1 _Z)t(z;=0 (t t—lj)ZJ)(Zj':O (V r—lj)(rr-it-j )(_1)]2])
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Arp_1xCy, r=t, rodd,
Sr,_1xCy, 1r=t, 1even,
(b) § Ay4s—12C,, r F#t, bothodd,
R5, r #t, both even,
Sr4i—120Ca, 1 #t, else,

where Ry, denotes the index-2 subgroup of Syjm ¢ Cm such that, for all
(t1,...,Tm, &) € Ry, the permutation t11, - - - Ty, is even.

(6) [}"2, 14}’—3; 32)‘—1]

(@) —3v/3i Sy (2)(1— Sy (2))(Sr(2) — (1 —i/3))
) {;2r—1 0C3, rodd,
3, r even

(7 [3%.1%:27]
@) —s3937(2 — Dz3(222 + 32+ 9)3(8z* 4 2823 + 12622 + 189z + 378)
(b) A7:2C,

1B. Background and preliminaries. We begin by providing a terse exploration of
the object known as a dessin. For more detailed and comprehensive literature on
the subject, see [Shabat and Zvonkin 1994; Wood 2006]. For the purposes of this
paper, we begin with the observation that dessins may be realized by meromorphic
functions known as Belyi maps. The arithmetic dynamics of these Belyi maps have
been studied in some cases [Anderson et al. 2018].

Definition 1.2. Let X be a compact Riemann surface. A Belyi map is a meromor-
phic function F : X — P!(C) that is unramified outside of {0, 1, co}. That is, all
critical values of F are contained in {0, 1, co}. Here we may consider P!(C) as
just C U {o0}.

Grothendieck’s notion of a dessin d’enfant or dessin for short is a way to combi-
natorially characterize Belyi maps. If F is a Belyi map, then F~1([0, 1]), that is,
the preimage of the interval [0, 1], has the structure of a bicolored connected graph
embedded in X. The basic structure of the bicolored graph A g associated with a
Belyi map F is given when we identify F~1(0) as the set of black vertices, F~1(1)
as the set of white vertices, F~1((0, 1)) as the set of edges and F~1 (P! (C)—[0, 1])
as the set of faces. Note that the degrees of the black and white vertices of A r cor-
respond to the multiplicities of the roots of F' and F — 1, respectively. Furthermore,
the dessin A g recovered from a Belyi map F is planar if and only if F is defined
on P1(C), while AF is a tree if and only if F is a polynomial. Throughout this
paper, we assume X = P1(C).

These structure of A r can be captured by the notion of a dessin, the relatively
simple combinatorial characterization given by Grothendieck.
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Definition 1.3. A dessin d’enfant or dessin is a connected bicolored graph equipped
with a cyclic ordering of the edges (oriented counterclockwise) around each vertex.

Given a Belyi map F, it is not difficult to use the procedure described above
to visualize the dessin A g to which F corresponds. However, recovering a Belyi
map from a given dessin is a much more difficult proposition. Given a dessin A,
a corresponding Belyi map F can be determined (uniquely up to isomorphism
over C U {oo}) by considering the degrees of the vertices of A r and the resulting
system of polynomial equations involving roots and poles of F. Various methods
of calculating Belyi maps may be found in [Couveignes 1994; Matiyasevich 1996;
Schneps 1994; Sijsling and Voight 2014].

Definition 1.4. A Shabat polynomial is a polynomial F' : C — C whose critical
values are contained in {0, 1}.

That is, a Shabat polynomial is a Belyi map which has only one pole (which is at
infinity); hence, its corresponding dessin will be a tree. (Shabat polynomials can be
defined more broadly as in [Shabat and Zvonkin 1994] as generalized Chebyshev
polynomials which have at most two critical values. Without loss of generality, we
choose in this paper to identify the two critical values 0 and 1.)

Definition 1.5. We say that two Shabat polynomials F, G are isomorphic if there
exist « € C* and B € C such that F(z) = G(xz + ).

Assume we have a dessin which is a tree and we label the edges with the numbers
1,2,...,n. We can associate the dessin with a pair of permutations oy, 01 € Sy,
where n is number of edges, such that the cycles of gy correspond to the cyclic
ordering (read counterclockwise) of the edges around the black vertices and the
cycles of g7 correspond to the ordering (read counterclockwise) of the edges around
the white vertices. For example, see Figure 1, where we have a bicolored tree, whose
edges are labeled 1, 2, ..., 7 inducing a pair of permutations 0, 01 € Sy associated
with the black and white vertices, respectively. In general, by o (respectively, o),
we mean the product of the cycle permutations associated with the edges about all
of the black (respectively, white) vertices. The group that oy and o; generate is a
central focus of this paper.

Definition 1.6. The monodromy group of a dessin with n edges is (0g, 01, 00 ), the
group generated by 0, 01,00 € Sy, Where 0, 01 are as described in the preceding
paragraph and 0 is such that 0yg0j05 = 1.

We remark that since 0o = (007) !, we may remove it from the generating set
for the monodromy group, but we keep it in the definition to be consistent with the
wider literature on this subject, which goes well beyond the consideration of Shabat
polynomials. For the remainder of the paper, when we refer to the generators of the
monodromy group, we are talking about oy and 0. When a dessin is connected,
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Figure 1. A dessin determined by the pair of permutations oy =
(1,3,2)(4,7,5) and 07 = (3,4)(5,6) whose monodromy group
(09, 01) is isomorphic to GL3([F,), a transitive subgroup of S7.

its monodromy group will be a transitive subgroup of S,, where n is the number of
edges in the dessin.

To every dessin, we may associate an invariant known as its ramification type.
The ramification type of a dessin with n edges is given by the three partitions of n
corresponding to the degrees of the black vertices, the degrees of the white vertices
and the degrees of the faces. In the case of a dessin having one face, the latter
partition is simply n = n. Since we focus exclusively on dessins with one face in
this paper, we will omit from the notation for ramification type the last partition
corresponding to the degrees of the faces.

Definition 1.7. The ramification type of a dessin with n edges (and exactly one
face) consists of the two partitions of »n

[bllglbzﬂz . 'bfk; w(1¥1 w;lz .. w‘Zﬁ]

written in exponential notation, where b1, b, ..., by are the distinct degrees of the
black vertices, wy, wy, ..., wy are the distinct degrees of the white vertices, §;
is the number black vertices of degree b; and «¢; is the number white vertices of
degree w;.

Note that b‘l‘glbzﬂ2 -~-b£k and wi' w32 .- wy* are both partitions of n, where n
is the number of edges, and these two partitions correspond to the cycle type of aq
and o1, respectively.

While each dessin has a unique ramification type, one may ask how many distinct
dessins (or equivalently nonisomorphic Shabat polynomials) are associated with a
given ramification type. Our focus in this paper will be narrowed to ramification
types which admit unique dessins.

We sometimes use the concept of tree composition to decompose a dessin into
smaller dessins. Composition will also help us compute new Shabat polynomials
as it corresponds with the usual polynomial composition. It is an easy exercise in
calculus to show that the composition of two Shabat polynomials is again a Shabat

polynomial.
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Figure 2. Top, left: P, with two vertices marked square [ and trian-
gle A. Top, right: Q, with black vertices marked [J, white vertices
marked A. Bottom: The composition P o Q of two dessins P, Q.

Many of the dessins that we study can be constructed by a composition process
given by Adrianov and Zvonkin [1998]. Given two dessins, P and Q, we begin
the composition P o Q by first distinguishing two vertices of P — label them with
a square and a triangle. The vertices of Q will be preimages of the square and
triangle, so we mark every black vertex of Q with a square and similarly every
white vertex of Q with a triangle. The process of composition is as follows:

(1) Replace each edge of Q with the union of the path from the square to the
triangle in P along with every branch connected to that path.

(2) Adjoin to each square (resp., triangle) vertex of Q the union of every branch
connected to the square (triangle) in P except for the one in the path to the
triangle (square). Do this as many times as the degree of the vertex.

The resulting graph should resemble n copies of P arranged in the shape of Q,
where 7 is the number of edges of Q. We demonstrate this process in Figure 2.

Remark 1.8. Let Gp, G denote the respective monodromy groups of P and Q.
According to a theorem of Adrianov and Zvonkin [1998], the monodromy group of
P o Q is a subgroup of G ¢ G p, where ¢ denotes the wreath product.

This process also gives a way to compute Shabat polynomials. If p,qg are
the respective Shabat polynomials of P, Q such that p(0), p(1) € {0, 1} then the
Shabat polynomial of P o Q is poq (where o denotes the conventional composition
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of functions, i.e., (f o g)(x) = f(g(x))). Later on, when we compute Shabat
polynomials of more complicated dessins, we will make extensive use of this fact.

We will often call upon the idea of the wreath product of groups to describe our
monodromy groups. The composition process produces dessins whose monodromy
groups are subgroups of wreath products. While there are numerous examples for
which the containment is proper, often equality of the groups is achieved. As far as
the present authors can tell, the exact conditions that ensure equality are not known.

Definition 1.9. Let d be a positive integer. Let G < S; and H be groups. Let K
be the direct product of d copies of H. If h = (hy,...,hz) € K, then we define the
action of 0 € G on K by 0 -h = (hg(1), ..., hg(a)). The wreath product of H by
G is the semidirect product K x G with respect to the action above, and we denote
this group by H? G.

In this paper, G is typically C , the cyclic group of order d.

2. Shabat polynomials for trees uniquely determined by ramification type

In this section, we summarize the list of Shabat polynomials (up to isomorphism)
corresponding to dessins which are trees and are uniquely determined by ramification
type. The complete list of ramification types for such dessins was given in [Shabat
and Zvonkin 1994]. For the Shabat polynomials corresponding to these ramification
types, we adopt the convention described in Definition 1.7.

Proposition 2.1. The ramification types [r;17], [27,1;27,1], [2":2771,1?] have
respective Shabat polynomials

z", %(1 + cos((2r + 1) arccos(z))), %(1 + cos((2r) arccos(z))),
all unique up to isomorphism.

This result is already well known in the literature and can be found on pages 3—4
of [Shabat and Zvonkin 1994]. See Figure 3.

Proposition 2.2 [Adrianov 2007]. Up to isomorphism, the unique Shabat polyno-
mial for the ramification type [s" 1, t;r, 10~ DE=D+E=1)] ¢

Fz) = (1_2)’(ri1 (5) i)
k=0 N kk' ’
where

@r=al@a+1)a+2)---(a+k—1)
denotes the Pochhammer symbol.

The proof for this proposition can be found in [Adrianov 2007].
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Figure 3. The dessin with ramification type [8; 18].

Proposition 2.3. Let r > 1. Up to isomorphism, the Shabat polynomial for the tree

having ramification type
[r, t, 1r+t—2; 2r+t—1]

with a black vertex of degree v located at z = 0 and a black vertex of degree t
located at z = 1 is given by

r+t—1)

F(z)=4z’( S (=1, rir +1;2)

X (1—(1—Z)tzr(rj_lII>ZF1(1,V+l;V+1§Z)),

where 5 Fy is the hypergeometric function defined by

> n bn n
2Fi(a,bic;z) = Z %%

n=0

Im(z)

1ok

05+

T — % Re(2)

-5}

-1sb

Figure 4. The dessin obtained by the Shabat polynomial given in
Proposition 2.2 when s =6, r =5, t = 3.
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Figure 5. The dessin (path graph) obtained by the Shabat polyno-
mial B(z) =4z(1 —z).

Im(z) z — z27(1522 =352 4+21)

02 7: ;: /
! : Re(2)

Figure 6. The tree obtained by the Shabat polynomial in
Proposition 2.2 where s = 1,r =3, = 5.

Proof. Let Sy ;(z) be the Shabat polynomial for the ramification type [¢, 17~ 1; 7, 1771],
By Proposition 2.2, with s = 1,

1
Sr(2) = (1 -2 Z( )

Consider the map B(z) = 4z (1 —z) with the dessin Ag (see Figure 5) and S, ;(z)
with the dessin Ag (see Figure 6). The composition §(z) o S, ;(z) is a Shabat
polynomial that produces the dessin obtained by coloring the vertices of Ag to
black and adding a white vertex of degree 2 inside every edge (in other words,
replacing every edge of Ag with Ag). Note the number of edges in S;,(z) is
r +t — 1. The composition produces the new dessin A g (see Figure 7) and Shabat
polynomial F(z) = B(z) oS, (z) with ramification type [r, ¢, 17 T/=2; 2" */=1] and
therefore F(z) equals

. g l+] S el r—] i
427 (1-2) (Z( ) )(Z( r—1 )( r+j )(_1)2)’

Jj=0 Jj=0
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021

04}

Figure 7. The tree obtained by the Shabat polynomial in
Proposition 2.3 with r = 5,¢ = 3.

which can be rewritten in terms of hypergeometric functions, as in the statement of
the present proposition. O

Proposition 2.4. The Shabat polynomial for the unique tree having ramification
Iype

[7‘2 14r—3 . 321‘—1]
with two black vertices of degree r located at z = 0 and z = 1 is given by

F(z) = (T' o 8;)(2),

where
T(z) =-3iV3z(1-2)(z+p), p=L1(=1+iV3),
and
r—1 .
S =1-2Y" (r;:”)zf.
j=0

F(2) is unique up to isomorphism.

Proof. First we will show that T'(z) := —3i +/3z(1 — z)(z 4 p) corresponds to a
3-star with a white center and black leaves at z = 0 and z = 1. Considering 7'(z),
we see immediately three distinct roots of multiplicity 1 at z =0, 1, %(1 —i/3)
representing three black leaves in A g. Next we consider the derivative of T'(z),

T'(z) = =3i/3(p + 2(1 — p)z — 32%),

which has a single root of multiplicity 2 (note that the discriminant of 7”(z) is
zero). Since the multiplicity of the black vertices is 1, we may assume that the
multiple root in 7”/(s) must refer to a root of multiplicity 3 in F(z) — 1, repre-
senting the white vertex of degree 3. Therefore, 7'(z) must be a 3-star with black
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Figure 8. An illustration of the tree derived from the Shabat poly-
nomial in Proposition 2.4 where r = 4.

leaves at z = 1 and z = 0. We can now use the idea of composition to replace
every edge of the tree having Shabat polynomial S, (z) := S, ,(z), where S, ;(z)
is the polynomial as defined in the proof of Proposition 2.3, with the 3-star by
computing the composition (7" o S,)(z). This will add a white vertex of degree
3 and an additional black leaf for every edge. Note that S, (z) corresponds to a
tree with 2r — 1 edges and 4r — 2 vertices. Therefore A g will have 2r — 1 white
vertices of degree 3 and 4r — 3 black leaves, in addition to the two black vertices
of degree r.

Note: An anonymous referee pointed out that we may go one step further here
by letting z’ := i +/3z — p2. A quick computation shows that S, (z’) = S, (1 —2/).
One can also show that S,(z) = 1 — S, (1 — z) using the following argument.
Observe that 0 is a root of order r of S, (z) and 1 — S, (1 — z). Further observe
that 1 is a root of order r of S,(z) — 1 and 1 — S;(1 —z) — 1. Thus we deduce
that Sy (z) = 1 — S, (1 — z) using the uniqueness of the Shabat polynomial from
Proposition 2.2. Hence, S, (z’) = 1 — S,(z’). A few simple calculations yield the
equality 7' (S, (z)) = T(S,(z")), which implies T'(S,(z")) € Q[z]. O

Proposition 2.5. For the tree with ramification type [33,1°;27], a black vertex of
degree 3 at z = 0 and a black vertex of degree 1 at z = 1, the Shabat polynomial is

F(z) = —s51577(z = D2 (222 + 32 + 9)? (8z* 4 2827 + 12627 + 189z + 378).

Proof. We can write F(z) = (B o f)(z), where
,B(Z)=4Z(1—Z) and f(Z):—%(Z_l)(9+3Z+2ZZ)3’

which is the Shabat polynomial for ramification type [32, 1; 3, 14] obtained by letting
r =3, s =3, t =1 in Proposition 2.2. O
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Figure 9. An illustration of the tree described in Proposition 2.5.

3. Monodromy groups for trees uniquely determined by ramification type

In this section, we provide proofs for the monodromy groups associated with each
ramification type listed in Theorem 1.1. In all of our proofs, we proceed by choosing
a particular labeling of the edges of the dessin. Though the monodromy group does
not depend on the choice of labels, some choices better illustrate how oy and o
generate the monodromy group.

Proposition 3.1. The ramification types [r;17], [27,1;27,1], and [27;2"71,1?]
have respective monodromy groups Cy, D324 1), and Dy (3., where Dy, denotes
the dihedral group of order m.

Proof. The first ramification type gives the r-star dessin with monodromy group
generated by an r-cycle and the identity permutation. It follows that the monodromy
group is the cyclic group C,. The second and third ramification types yield the
path dessins with 2r 4 1 and 2r edges respectively. We handle these two cases
simultaneously, since the argument is essentially the same. The dessins in Figure 10
are examples of path dessins.

In both cases, the generators of the groups oo and o; have order 2, and the
respective 0o ’s have order 27 +1 and 2r. Since in this case 000 = (007 )y~ =000,
we may view the monodromy group as {(0¢, o). We let n denote the order of 0o
note that # is either 2r 4+ 1 or 2r depending on the ramification type. The relations
03 = 0/, = 1 and 0p000 = (0901)00 = (0100) 09 = (000) 10 hold. The
conclusion is that the monodromy groups of these dessins are isomorphic to the

dihedral groups of order 2n. O
1 2 3 2 3 4

Figure 10. The path dessins of 3 and 4 edges, respectively.
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Figure 11. An example of a dessin from Proposition 3.2, where
r=4, s=3,t=4.

Proposition 3.2. Assume r> 1. The ramification type [s"~1, t;r, 10~ DE=D+E=1)
has n = (r —1)s + t edges and a unique tree with monodromy group G, with

Cr 2 Cs, §s=1,
G~ SnjaCa. s#£t, reven,
| AnaCy. s F#t, risoddand 5 is odd,

(An/d)d X Caq, SF#Lt, rodd, 5 even,
where d = ged(s, t).

Proof. The ramification type [s" 1, ¢; r, 10~ DE=D+E=D] produces a tree of diam-
eter 4 with n = (r — 1)s 4+ ¢ edges in the nondegenerate cases. See Figure 11.

In general, oy is the product of one 7-cycle and (r—1)-many s-cycles and oy is
an r-cycle. We label our edges so that we compute the permutations 0g, 01, Oso @S

oo=(1,....00@+1,...,t+5)
s+t 428) -+ =2)s+1,...,t+(—1)s),
o=, t+1,t+s+1,t4+2s+1,...,6+(F—=2)s+1),
O'o_ol =o0901 = (1,2,...,n).
(Note that we go left to right when computing permutation products.)

Case 1: s =t = G = C, 2 Cs. Assume s = . Then our dessin is the composition
of an s-star with an r-star, which means G is a subgroup of C, ¢ C; by Remark 1.8.
Define 7; := oy i 010(’;. Referring to the above where we already computed o
and o, we see

=0 t+1,2t+1,...,r — Dt +1) =04,
=02, t4+2,2t4+2,...,(r—Dt+2),

T = (t,2t,3t,...,r1).
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Each t; is an r-cycle and generates C,. Since the 7;’s partition {1,2,...,rt},
they must commute with each other and we see that together they generate C/.
Also, 0y is a product of z-cycles satisfying o 17;00 = 141, where the subscripts
are reduced modulo 7. These relations are sufficient to recognize that G contains
(O'(), T1, T2y Tt—l) ~ C (.

Case2: s # ¢, ged(s,t) =1 = G = A, forr,t odd and G = S, otherwise.
Assume that gcd(s,7) = 1, with s or # > 1. It is known that a permutation group con-

taining (1,2, 3) and (1,2, ..., n) contains A,; see Lemma A.1. Our goal is to show
that 4, < G < S, and then use a parity argument to determine which containment
is improper. Given that g0 = (1,2,...,n) € G, we proceed to show (1,2,3) € G.

Assume ¢ = 1 and s > 1. We claim p := (00_101_100)(000010(;1) =(1,2,3).
Since t = 1, we know gy is a product of (r — 1) s-cycles, while o7y, o, ! remain
r-cycles. We see that

-1 __—1 —1
P = (00 01 ‘70)((70001000)

=(,r—2)s+3,...,25s+3,5s+3,3)(2,3, s+ 3,25 +3,....(r —2)s +3).

One may verify that p(1) =2, p(2) =3, p(3) =1 and, for k >3, p(k) =k. It
follows that A, < G.

If 1 =2, we have 0§ = (1,2) € G. Since G contains the transposition (1, 2) and
the cycle (1,2,...,n), we have S, < G.

Now suppose ¢ > 3, we first set k to be the smallest positive integer such
that k satisfies K = 0 (mod s) and £k = —1 (mod ¢). The existence of such
a number is guaranteed by the Chinese remainder theorem. We claim p :=

(01_10(’)‘01)0(’)‘(01_100_2]‘01) = (1,2, 3). Notice that

(01_10(1)‘01)0(])‘(01_100_2]‘01)=(t+1,t, L3 (L 3,2 (1,23, ..., 02,

One may verify that p(1) =2, p(2) =3, p(3) =1 and p(k) = k for k > 3. Thus
p=(1,2,3) € G and therefore 4, C G.

For every triple s, ¢ such that ged(s,?) = 1 and s or ¢ > 1, we have shown that
An € G. Since we also have G < S, by index considerations G 1is either the
symmetric or alternating group of appropriate order. Otherwise if r or ¢ is even, o0y,
being the product of a ¢-cycle and (r—1) s-cycles, is an odd permutation (note s must
be odd if ¢ is even), so G = Sj,. Since both 0 and o are even permutations when r
and ¢ are odd, we deduce that G < A, and thus the double inclusion gives us G = A4,,.

Case 3: In this final case, we assume gcd(s, #) = d > 1. This tree is the composition
P o Q, where P is the d-star and Q is the dessin corresponding to the passport

r—1 ¢
S L., 1e=DG/d=D)+@/d-1) |
d d
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Hence, the monodromy group G is a subgroup of the wreath product Gg ¢ Cy,
where G ¢ is the monodromy group for Q.
Consider the partition of {1, ..., n} into the d sets

(,d+1,....n—d+1}, {2.d+2,....n—d+2), ..., {d.2d, ... n,

each of size %, and denote them by P, ..., Py respectively. Recall that oy is the
disjoint product of a ¢-cycle and (r — 1) s-cycles, and moreover every element in
{1,2,...,n} is moved by exactly one of these cycles under the canonical group
action. Because d divides both s and ¢, we know t := cr(‘)" is the disjoint product
of d é-cycles and d(r — 1) 7-cycles. Moreover, each disjoint cycle of  permutes
elements in exactly one of the P; while fixing the rest. Similarly, because d
4 s the disjoint product of d —-cycles and each disjoint
cycle of Ud likewise permutes elements in exactly one of the P;. Note that o
permutes only the elements of P;.

Let k be the smallest positive integer such that k satisfies k =0 (mod ) and k =

-1 (mod ). One may verify that p: =0, Lk oy ‘L’k0’1 kg =(1,d+1,2d+1).
(Note that in the case where = d, we let p 1= (7! o, ') (00001 aood ) and proceed
with the same argument.)

We can conclude that the subgroup

divides n, we know 0%,

—d  _d 2d —(n—d) —d
N = (p, 08 pol, o 2 ,oaoo,...,aoo pos e, o1)
is isomorphic to S,/4 when r is even and isomorphic to A,/ when r is odd
(see Lemma A.4). Furthermore, we observe that NV, oo_ol Nooso, OO_OZN ago, R
oo_od“ N O'go_l are all isomorphic to Sy,/q or A, /4 (depending on whether 7 is even
or odd) and ao_o"HN olf ! permutes elements of P;. Hence

_ —1 —272 624+ Nod! (Snya)® if r even,

= (N, 05 NOxo, 055 NoZ,, ..., No ) = {(An/d)d 7 odd,
One can check that o, 'Hoy = H and o/ 'Hoy = H. Hence, H < G. Observe that
o1 € H. Therefore, Ho, generates the quotient group G\ H. When r is even, the
smallest power of 0 in H is d, when r is odd and % is odd, the smallest power
of 0 in H is d, and when r is odd and % is even, the smallest power of 0 in H
is actually 2d. (Note that when r is odd, the parities of 5 and % are the same.) In
order to show that G is isomorphic to a semidirect product, we will use the splitting
lemma. In our case, if we can find an element of Ho, of order d or 2d (depending
on the case), we have shown G is a semidirect product.

First we consider the case where r is even. In this case, observe that

(d,2d,3d,....n)"1(1,2,3,4,....n)
=(1,2,....d)d+1,d+2,....2d)---(n—d+1,n—d +2,....,n).
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Figure 12. P and Q on the left; P o Q on the right.

Hence, there is an element of order d in G\ H and G = (S,,/d)d x C; by the
splitting lemma for semidirect products, and in fact G = S, /42 Cy. This also shows
that Hoso contains an element of order d in the case where r and % are odd since
the cycle (d,2d,3d, ..., n) is an element of A4, in this case. Therefore, when %
and r are odd, G =~ (An/d)d X Cyq and in fact G = 4,42 Cy.

Now we consider the case where r is odd and % is even. Observe that

(d.3d,...,n)"'(1,2,3,....n)
=(1,2,3,....2d)2d +1,2d +2,...,3d)---(n—d + 1,n—d +2,....,n).

Hence, there is an element of order 2d in G\ H and thus G =~ (An/d)d xCyyq. O

Proposition 3.3. Let r,t > 1. The ramification type [r,t, 1" T*=2: 2" =1 produces
a unique tree with monodromy group G, where

Arp—_1 XCy, 1r=t,rodd,
Sr,_1xXCy, 1r=t,reven,
Api4-12Cy, 1 #t, both odd,
R, r # t, both even,
Sr4i—120Cy, 1 #£t, else,

Q
e

where R, denotes the index-2 subgroup of Sy1;—12Cy such that Tt is an even
permutation for all (11,13, g) € R;.

Proof. First, we note that this dessin is the composition P o O, where P is the
2-star and Q is the dessin of Proposition 3.2 with s = 1. See Figure 12.

LetGg =((1,2,...,r),(r,r+1,...,r +t—1)) be the monodromy group of Q.
By Proposition 3.2, we know that

G = Ay4¢—1, F,tbothodd,
Q= Sy4:—1, otherwise.

The dessin with ramification type [r, ¢, 17 t7=2;22"1] is the composition of P
and @, and so its monodromy group G satisfies G < G ¢ C; by Remark 1.8. We
consider G in two cases: r =¢ and r # ¢.



SHABAT POLYNOMIALS AND MONODROMY GROUPS OF TREES 807

Case 1: r #¢. In the first case, we have r # ¢. We label our edges in such a way that

oo=(1,2,....r)(F,r+1,....r+t—1),
o1 =(1,1)2,2)---(r+t—1,r+1—1).

Note that o is the disjoint product of an r-cycle with a ¢-cycle; call these cycles
1 and 7, respectively. Consider the embedding ¢ : G — S, 4,1 ¢ C, given by

oo > (1,72, 0),

o1+ (id,id, 1).

Note that 01_10001 is mapped to (73, 71, 0). Apply Lemma ASton=r+1—1
(assume n > 5 for now), w1, w3 € Sy 44—1. We have Gg = (1, m2) > Ay as noted
above. Lemma A.5 implies

Ar41-10C2 = 9(G) = Sp44-12Ca.

When r, ¢t are odd, both 7 and 7, are even permutations, and we see that ¢ (G) =
Ay4¢—12Cy. When r and ¢ have different parity, we know (7, 73) = Sy 4¢—1, SO
¢ (G) = Sy44-12C,. When r, ¢t are both even, for any (o1, p2,8) € ¢(G), p1 and
p2 will share the same parity. Since we can take p; = w1, an odd permutation, we
see that ¢ (G) is properly contained in between A, 4+;—12Cy and S, 4,1 2C;. Itis
in fact the group R, described earlier after Theorem 1.1. In the finite number of
cases where r +7 — 1 < 5, one can verify the result by hand.

Case 2: r = t. In the second case, we consider » = . We can label our dessin in
such a way that

oo=(1,2,....r)(1,2,...,7),
o= r+DQ,r+2)---(r=1,2r =D)(r,i)(r +1,1)---2r —1,r —1).

Observe that
Ogr—l) — (l,i) - (2r—1,2r—1),

T :010001_1 =rr+1,....2r=D)(F,r+1,...,2r—1),

Ty = oéﬁ"l)ol = (i, r+ D1, r+1)

2+ 2)2,r +2) (= 1,2r = 1) (r — 1,2r — 1) (r)(F),

and Gg = (aéi"”, 71, T2 ) is a subgroup of S,,_1 X Z,. Furthermore,

73 2120‘1000'1_11'2_1 = (1,2,...,}’)(1,2,...,7).

By Proposition 3.2, we see that {7y, t3) is Sp,— if ¥ even and A,,_; if » odd, and
thus we have our result. O
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Figure 13. Top, left: P, with vertices marked. Top, right: Q, with
vertices marked. Bottom: An example of the composition for r = 3.

Proposition 3.4. The ramification type [r?, 14773; 32"~ produces a unique tree
with monodromy group G, where

G~ {AZr—l 0C3, 1 odd,

Rs, r even,

where R3 denotes the index-2 subgroup of S»,—1 ¢ C3 such that 111,13 is an even
permutation for all (t1, 12,73, g) € Rj.

Proof. The procedure here is similar to the proof of the previous proposition. We
observe that this dessin is the composition P o O, where P is the 3-star with
ramification type [13;3] and Q is the dessin from Proposition 3.2 where s = 1,
r =t. See Figure 13.

We can label the dessin so that

oo=(L,2,....,r)(r,r+1,...,2r—1),
or=(1,1,1)2,2.2)---2r —1,2r = 1,2r — 1).

Note that o is the product of two r-cycles (call them m; and 7, respectively)
and that o is the product of (2r — 1) 3-cycles. Consider the embedding ¢ : G —
S27—1 20 C3 defined by

oo — (71’1,71’2,1(1, 0),

o1+ (id,id,id, 1).

Under this homomorphism, successive conjugations of oy by o are mapped to
(id, 1, 5, 0) and (75, 1d, 1, 0). Applying Lemma A.5 to 7y, ,, and ¢(G), we
have A,,_12C3 < ¢(G). When r is odd, both 7; and 7, are even permutations,
s0 Apy—12C3 > ¢(G), giving a double inclusion. When 7 is even, we consider the
quotient group

(S2,-120C3)/(A2,—12C3) = Cy x Cy x Cs.
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Observe that when r is even, ¢(G) < R3 and (7q, 73, 1d, 0) is equal to (1, 1, 0) in
the quotient group ¢(G)/Az,—1 ¢ C3. We similarly have (0,1, 1) and (1,0, 1) in
the quotient group. Hence, we see that ¢(G) is an index-2 subgroup of S,,_1 ¢ C3
and thus ¢(G) > Rj. O

Proposition 3.5. The ramification type [33,1°;27] produces a unique tree with
monodromy group G = A7 Cj.

Proof. This is a sporadic case that may be verified by hand. O

4. Future directions

The reader will notice that there are some obvious pathways left open by this paper.
In Theorem 1.1 each entry refers to a tree uniquely determined by ramification type.
For each entry there exists a Shabat polynomial with rational coefficients. However,
we were not able to find a closed form expression for the coefficients of the rational
Shabat polynomial given for the tree with ramification type [r2, 14773; 32" ~1],

As for another direction of further inquiry, we note that the present paper focuses
exclusively on (planar) trees uniquely determined by ramification type. However,
we know that there exists an exhaustive list of ramification types that produce
exactly two distinct trees, and perhaps there are other such lists for ramification
types that produce larger numbers of trees [Shabat and Zvonkin 1994]. At the very
least, it would be interesting to see the complete list of monodromy groups for
ramification types that produce two trees in comparison with the completion of
Theorem 1.1. Finally, it would also be of interest to see similar results for classes
of dessins having at least one cycle or for dessins with genus greater than 1.

Appendix

In this section we prove a few technical results used in the paper. We learned of the
following results (Lemmas A.1, A.2, A.3, A.4) and their proofs from Keith Conrad.
Recall that we multiply permutations left to right.

Lemma A.1. For n > 5, the subgroup generated by (1,2,3) and (1,2,...,n)
contains Ay.

We prove this lemma through a sequence of lemmas.
Lemma A.2. Forn > 5, every element of Ay is a product of 3-cycles.

Proof. The set of 3-cycles is a conjugacy class that is a subset of 4,. Therefore, the
subgroup generated by the set of 3-cycles is a normal subgroup of A4,. Since A,
is simple for n > 5, we conclude that the set of 3-cycles generates A, and every
element of A, is a product of 3-cycles. O

Lemma A.3. Forn > 5, the group A, is generated by elements of the form (1,2, k).
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Proof. First observe that A, is generated by 3-cycles of the form (1,7, j). This is
easily seen by observing that for any 3-cycle (a, b, ¢) not containing 1, we have
(a,b,c)=(1,b,c)(1,a,b). By Lemma A.2 we see that A, is generated by 3-cycles
of the form (1,1, j).

Now we consider the 3-cycles of the form (1,2, k). Since (1,2,k)~! =(1,k,2),
any 3-cycle with 1 and 2 is generated by 3-cycles of the form (1, 2, k). For a 3-cycle
(1,7, j) not containing 2, we have (1,7, j) = (1,2, j)(1,2,i)(1,2, j)(1,2, ).
Hence, every element of A, is generated by elements of the form (1, 2, k). O

Lemma A.4. Forn > 5, the consecutive 3-cycles (i,i +1,i +2) with1 <i <n—-2
generate Ay.

Proof. This can be shown to be true for 45 by computation. We proceed to prove
this for n > 5 by induction.

Assume this is true for A,. Consider A, ;. By induction, we know that cycles
of the form (i,7 4+ 1,i 4+ 2) generate the elements (1, 2, k) for 3 <k <n. Therefore,
by Lemma A.3, we need only show that we can generate (1,2,n 4 1) in order
to show that cycles of the form (i,i + 1,i + 2) generate A,41. Observe that
(L,2,n+ 1) =(,2,n)(1,2,n—1D(m—1,n,n+ 1)(1,2,n)(1,2,n — 1) and thus
we have proven our result. O

Now we proceed with the proof of Lemma A.1

Proof of Lemma A.1. Let 0 = (1,2,...,n). Observe that
o %(1,2,3)6% = (6% (1), 6% (2),6*3) = (k + 1.k + 2.k +3)

if 0 <k <n—3. Thusby Lemma A 4, (1,2, 3) and (1, 2, ..., n) generate a subgroup
that contains A4,,. O

Lemma A.5. Suppose that ntg, w1 € Sy with (mg, m1) = Ap withn > 5.
(1) If |mo| # |m1|, then T = ((7wg, 71), (71, 7)) must contain Ay X Ap.
2) T = {(mg, m1,1d), (id, g, 1), (71, 1d, 79)) must contain A, X Ay X Ap.

Proof. Suppose that id # p € A,. Observe that (t—!pr : T € 4,) is a normal
subgroup of A,. If n > 5, then A, is simple and therefore, A, = (" !pr: 7 € 4,).
First, we consider statement (1). Suppose that (p, id) € I. We want to show that
Apx(id) is a subgroup of I'. There is a homomorphism proj : S, xS, — Sy, which is
a projection from the first component. Since A, < (g, 1), we have proj(T") > A4,,.
Therefore, for all T € A, there exists T’ € S, such that (z,7’) € I. Conjugating
(p,id) by all (z, t") shows that 4, x (id) < I'. Note that the same argument can be
used to show (id) x A, < I via projection in the other component. Statement (1)
then follows as long as p # id exists. Furthermore, the argument to establish
statement (2) would proceed in an identical fashion, presuming p # id exists.
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To establish existence of p in the case of statement (1), we claim that there exists
an element of the form (p, id) € I, where p # id. Without loss of generality, assume
|7ro| > |71], and then consider (7, )™l (1, o)™, in which case we may let
p=T7 ()7rl

Now we prove such an element exists in the case of statement (2) for n > 2. If
|7to| # |71 ], then the proof is analogous to the argument for statement (1). Otherwise
|7to| = |1 | = r and we want to find some element & € A, such that || {r. One
can show that such a 7 exists by proving that, for n > 2, there must be some prime ¢

not dividing |mg| = r. One can show ¢ exists by using the fact that

n<2p for n > 2.

p=<n
p prime
Using all three generators of I', one can produce the element (ng Yo, nfz) € A,31,

where k1, k, € Z. By raising this element to the r-th power, we produce the element
(id,7",id) e I" and let p = ". O

Corollary A.6. Let H be a simple group. Suppose mqy, w1 € Sy with (g, w1) > H.
(1) If |mo| # |m1|, then T = ((7wg, 71), (71, 7)) must contain H x H.
) T = {(mg, m1,1d), (id, g, 1), (771, 1d, w9)) must contain H x H x H.

Remark A.7. In [Adrianov et al. 1997], Adrianov, Kochetkov, and Suvorov classify
all the possible primitive, and thus simple, monodromy groups of plane trees.
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