MEROMORPHIC FUNCTIONS WITHOUT REAL CRITICAL
VALUES AND RELATED BRAIDS
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ABSTRACT. We consider an open subset of the Hurwitz space consisting of
meromorphic functions of a given degree defined on closed Riemann surfaces
of a given genus and having no real critical values. To each function in this
open set we assign a braid in the braid group of the underlying closed surface
and characterise all braids which might appear using this construction. We
introduce the equivalence relation among these braids such that the braids
corresponding to the meromorphic functions from the same connected com-
ponent of the above Hurwitz space are equivalent while non-equivalent braids
correspond to distinct connected components. Several special families of mero-
morphic functions, some applications, and further problems are discussed.

To Seryozha Natanzon, in memoriam

1. INTRODUCTION

In what follows, we discuss the connected components of the spaces of meromor-
phic functions on Riemann surfaces with only simple critical values none of which
is real. The main motivation of our study comes from a large assortment of prob-
lems in mathematical physics related to the perturbation theory of linear operators,
see e.g. [Tl 24, 25] and references therein. In this theory, one typically considers
perturbations of the form A + tB where A is the initial and B is the perturbing
operators while ¢ € C is the perturbation parameter.

Under some additional assumptions on A and B one obtains the (analytic) spec-
tral curve T C C? with coordinates (),t) where X is the spectral parameter. The
restriction of T to any fixed value of ¢ gives the spectrum of the operator A + tB
(assumed discrete). Projection of the spectral curve T C C2? onto the t-axis defines
a meromorphic function on Y whose branching points are called the level crossings
of the pencil A+ tB; they are exactly the values of parameter ¢ for which the spec-
trum of the pencil is non-simple. Special cases of such meromorphic functions will
be the main object of our study. Numerous papers in theoretical and mathemati-
cal physics discuss level crossings and their properties for various concrete quantum
mechanical and other systems; in particular, they determine the convergence radius
for the perturbation expansion. One of the most recent examples of such study can
be found in [9] containing a nice introduction to the subject.

If A and B are self-adjoint operators (satisfying with some additional technical
and genericity assumptions) one can show that the projection of the spectral curve
T onto the t-axis is a meromorphic function without real critical values. This
phenomenon baptised as avoided level crossings has been observed already at the
dawn of quantum mechanics in the 1920’s. Avoided level crossings mean that the
spectrum of the pencil A + tB is simple for all real values of the parameter ¢. It
occurs in many pencils of non-self-adjoint operators as well.

Date: October 24, 2022.

2010 Mathematics Subject Classification. Primary 14H05, 14H50, Secondary 14P25.

Key words and phrases. Hurwitz spaces, meromorphic functions, braids and links, pencils of
binary forms and matrices.



2 ANATOLY LIBGOBER AND BORIS SHAPIRO

In mathematical language most of problems about level crossings can be formu-
lated as the questions about real and complex pencils of divisors on algebraic curves.
Our main goal below is to study the notion of avoided level crossings from the per-
spective of algebraic geometry and, especially, braid theory using, in particular, the
mapping class groups of the underlying surfaces.

For a start, consider the simplest case of pencils of binary forms. Given a pair
Py (u,v) and Pa(u,v) of binary forms of degree d with complex coefficients, consider
the real pencil

Plu,v,a: B) := aPi(u,v) + P (u,v) (1.1)
where (« : 3) are homogeneous coordinates on RP!. One can easily observe that if
Py and P, are generic then, for every point (o : 8) € RP!, the form P(u,v,a : 3)
will have d distinct simple roots in CP! ~ S%. Furthermore, the space ©Y of generic
real pencils is disconnected and the physics problems we mentioned above lead, in
particular, to the question of enumeration of these components.

A natural invariant of such connected component can be obtained as follows.
Identiying RP! with an oriented circle and considering the roots of P(u,v,a: 8) =0
for each (« : 8) we obtain a loop in the space of bivariate homogeneous polynomials
of degree d without multiple roots, i.e. a spherical braid. The following natural
questions arise:

~ do different components of ©Y correspond to non-equivalent braids?

— which braids in the braid group of S? appear as the braids of such pencils?

Complexification of the above real pencil can be viewed as a map CP' — CP*
assigning to (u,v) € CP' the parameter (a : §) such that (u,v) is one of the roots
of P(u,v,c : ) = 0. Our braid then coincides with the pre-image of RP! ¢ CP!
in the sense that the union of its strands is exactly the pre-image of the real line.

The above construction of the braid as well as the mentioned questions about
connected components have an obvious extension to the case when the source of
the map is a Riemann surface of an arbitrary genus. The corresponding analogs of
the sets ©Y are the open subsets Hy"y C Hg,a of the (small) Hurwitz space which,
by definition, consists of all degree d meromorphic functions on closed Riemann
surfaces of genus g with simple critical values none of which is real. To a connected
component of H7, we assign the equivalence class of the braid of a close surface of
genus g; cf. [2] and Sectionfor basic definitions and for an appropriate equivalence
relation.

Precise description of the above equivalence relation uses the action of the map-
ping class group of a closed surface of genus g exceeding 1 on the conjugacy classes
of the braid group of the surface on d strings; in the case of surfaces of genus 0
or 1 we use its quotient by the center. This action comes from the classical exact
sequence relating the mapping class group of a surface with that of this surface
with additional marked points (cf. section . Braids in the braid group of the
surface which we construct are very special and belong to natural abelian subgroups
of the braid groups of surfaces which we call the “boundary braids”. We give the
characterization of boundary braids in terms of the geometry of the surface, in
terms of generators of the braid group of surfaces and the corresponding to these
braids classes of the mapping class group of a surface with marked points in terms
of Nielsen-Thurston classification (cf. Section .

Our main results show that connected components of M,y are enumerated by
the equivalences classes of such braids and we give a characterization of the braids
corresponding to such components.

These results on the enumeration of the connected components of the above open
subspace of the Hurwitz space which is defined in terms of its real structure can be
compared with those of the article [4] in which the main object of study is a cellular
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decomposition of a (different) open subset of H, 4 formed by the so-called lemniscate
generic functions. These are meromorphic functions having all critical values with
distinct absolute values assumed different from zero and infinity; this situation can
be also related to the real structure of the Hurwitz space. Connected components
appearing below have more complicated fundamental groups than contractible cells
of [4]; they are rather homeomorphic to Hurwitz spaces of different degrees and
genera.

The content of the article is as follows. In § 2| we introduce the subgroups of
boundary braids to which the braids of meromorphic functions naturally belong
and recall some basic material about the braid groups as well as the mapping class
groups on surfaces. We describe the boundary braids in terms of the (standard)
generators of the braid group, viewing braids in terms of the relevant configuration
spaces. Further we give a description of the classes in the mapping class group
corresponding to the boundary braids by means of the Nielsen—Thurston theory.
In §[3| we address the enumeration of the connected components of M,y by relating
them to the classification of our braids of meromorphic functions. Our main result
is a description of the connected components of M,y as the orbits of the mapping
class group of a closed surface acting on the conjugacy classes of the subgroups of
boundary braids. (However in the case of surfaces of genus zero and one, the action
is on the conjugacy classes of the quotient of the braid group by the respective
centers; this specifies the equivalence class of the braid since each coset of the
center determines the braid we attach to a point in the Hurwitz space.) In §
we discuss special classes of meromorphic functions f. For example, we look at
meromorphic functions induced by generic projections of plane curves. Finally, in
§ [F] we suggest some further directions of study and make additional remarks about
the role of planarity in this circle of questions, see Problem[7} We formulate several
problems more closely related to mathematical physics in which one considers the
restrictions of connected components of g o specific families of Riemann surfaces
such as plane curves coming from real pencils of matrices etc. Restrictions of our
connected components to such families may split further; in order to understand and
enumerate these connected components novel techniques/ideas should be applied.
It seems likely that in the case of projections of plane real curves techniques related
to the Hilbert 16-th problem might be useful. We plan to investigate this subject
further; as an example of similar activity we explicitly calculate the braids obtained
from real plane curves, but without real points, see § [4}
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2. BOUNDARY BRAIDS IN THE BRAID GROUPS OF SURFACES AND SYSTEMS OF
OVALS.

In this section we describe the class of braids which will later appear in our enu-
meration of connected components of the spaces of meromorphic functions without
real critical values. These braids are defined as the elements of certain abelian
subgroups of the braid groups of surfaces which we call the subgroups of boundary
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braids. We describe boundary braids algebraically, i.e. in terms of the (standard)
generators of the braid groups of surfaces, and also as the elements of the mapping
class groups using the Nielsen-Thurston classification of the latter.

2.1. Boundary braids. Recall that the braid group B, (F,k) of n strands of a
surface F' with k punctures and with (possibly nonempty) boundary is defined as
the fundamental group of the configuration space of n points on F (cf. [2], [§]).
More precisely,

By (F,k) = m(((F = [k])" \ A)/Symn, ) (2.1)
where, as above, [k] C F is a subset consisting of k fixed points, and the diagonal
A is defined as

A={(z1,...,zn)| z; € F\ [k], t=1,...,n, and i # j such that z; = z;}.

In the quotient is taken with respect to the free action of the symmetric group
Sym.,, on n letters acting by permuting the components in the Cartesian product
(F'\ [k])™; the base point f of the fundamental group is a Sym,,-orbit of some point
in (F\A)".

Let D* be a punctured disk and §; € By, (D*) = By,,(D,1),i=1,...,k be a
collection of braids in D*. Define d := Z]f m;. For each 1 < i <k, select a homeo-
morphism between D* and the annulus which is the closure of the collar of the i-th
connected component of the boundary of F. Such collection of homeomorphisms
induces the homomorphism ®,,, .. m, : [[; Bm,(D*) = Ba(F, k).

Definition 1. Let F be a surface with & > 1 punctures and let 8; € B,,,(D*) be a
rotation about the puncture of D* by an angle which is an integer multiple of fn—’: [|
A boundary braid of d := > m; strands on a punctured surface F' is a braid in the
abelian subgroup of Brg(F, k) formed by the braids ®,,, .. m, (b1, -.,Bk) € Bra(F)
with (B1,...,8n) € [1; Bm:(D*).

The full boundary braid is the braid in the subgroup of boundary braids where
f3; is the positive rotation by 2%, (i.e. j3; is the positive generator of B,,,(D*)).

Denote by BB, .....m, (F) the subgroup of boundary braids in B4(F, k) and we
shall sometimes refer to a conjugate of this subgroup in B4(F' k) as a subgroup of
boundary braids as well.

Definition 2. A boundary braid in a closed oriented surface E is the image of a
boundary braid in a punctured surface F' under the homomorphism induced by a
homeomorphism of the surface F' onto the interior of a proper subsurface of E, (cf.
[21], Sect. 2).

Alternatively, a braid in B4(E) is a boundary braid if and only if there exists a
collection of oriented simple closed curves aq,...,ar in E such that E \ U;a; has
at least two connected components and this braid is the image of a boundary braid
of one of these components. In particular, one can view a boundary braid as the
result of a rotation of points equidistantly placed along the curves «;.

Definition 3. A collection of ovals (i.e. simple closed curves) in F is called a
separating oriented collection if

a) connected components of the complement to the union of ovals in E are split
into two disjoint classes called the positive and the negative classes respectively
in such a way that each oval belongs to the boundaries of exactly two connected
components, one in each class,

Le. the loop B; in (2.1)) with FF = D* corresponds to the rotation of the set of m; points
positioned equidistantly on a circle in D* centered at the puncture mapping this set of m; points
onto itself
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b) we assume that orientations of the ovals are consistent with the above splitting
into the positive and the negative connected components in the following sense:

i) the orientation of the closure of each connected component of the complement
to the union of ovals in the positive class is induced from the orientation of the
ambient closed surface;

ii) the orientation of each oval is such that together with the normal vector
pointing inside the component from the positive class to which this oval belongs
induce the positive orientation of this connected component.

From Definitions [2]—[3] we obtain that each separating oriented collection of ovals
corresponds to the subgroup of boundary braids in the braid group of the surface E.
Moreover, the subgroups of boundary braids contain semigroups of positive braids,
corresponding to rotations of the ovals in the position direction. We will refer to a
braid in this abelian subgroup of B4(FE) as a boundary braid corresponding to the
chosen separating oriented collection of ovals.

In what follows, we need a result about the maps of braid groups induced by
embeddings. Let F' C E be a proper subsurface of a closed surface E. Assume now
that p1,...,pn € F and ppy1,...,0m € E\ F.

Proposition 1 (see [21]). Let F be a connected subsurface of E such that none of
the connected components of E'\ F is a disk or each connected component contains
the points p;,1 =1,...,m. Then the homomorphism

By (F) = Bp(E) (2.2)

18 1njective.
The next important proposition describes the structure of the subgroups of
boundary braids.

Proposition 2. For any k-tuple of positive integers my,ms,...,mg, k > 1, the
group BBy, . m, s a free abelian subgroup of Brq(F,k),d = Zlf m; of rank k.
For a closed oriented surface E, the subgroup of boundary braids is free abelian
whose rank equals the number of ovals, except for the case E = S? with k =1. In
the latter situation, BBy, (S?) = Zay,.

Proof. Recall that there exists a natural surjection Bg(F,k) — Symg sending a
braid to the induced permutation of the initial points of the strands. Its kernel
PBy(F, k) (called the pure braid group) is the fundamental group of the configura-
tion space Confq(F, k) of ordered collections of d points in the punctured surface
F with the set of punctures [k], (cf. [2], [8]). In other words,

d

[IF kD

1

Confq(F, k) = \ A,

where A is the collection of d-tuples having at least two coinciding components.
Moreover, the group Symg acts freely on Confy(F, k) and the group By(F, k) is
the fundamental group of the quotient Con fq(F, k)/Symg.

The map ® := @y, iyt [[; By (D*) — Ba(F,k) can be viewed as the ho-
momorphism of the fundamental groups induced by the map of the quotients of
configuration spaces:

k
HConfmi (D*)/Symuy,, — Confq(F,k)/Symg. (2.3)
i=1
Let Rotyy,.,...,m,, be the subgroup of [ [; By, (D) consisting of the braids (81, ..., Bx)

where each 3; is some power of the rotation by the angle fn— Obviously, Rotp,.....m,
J
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is a free abelian group with k generators. Therefore, to show the freeness of
BB, ....m;, = ®(Rotm,, .m,) and the fact that its rank equals k, it suffices to
show that the intersection of this image with PBy(F, k) is a free abelian group of
rank k. Notice that in the diagram

®(Rotp,....m.) N PBy(F,k) — PBy(F,k)

!
O(Rotm, ..., ) —  Bu(F.k) (2.4)

the vertical arrows are injective and have the subgroups of finite index as their
images. Now if ®(Rot,,, ... m, ) either has torsion or has rank smaller than &k then
the latter diagram implies that ®(Rotm,, ....m,) N PBq(F, k) will have rank strictly
smaller than k.

The group ®(Roty,, ... m,) VPB4(F, k) is the image in By(F, k) of the finite index
subgroup of Roty,, .. m, generated by the full twists of m; points in the disk D*
corresponding to the i-th puncture. To show that this group is free abelian of rank
k it suffices to check that the image of the subgroup ®(Rot,,.... m,) N PBq(F, k)
in the abelianization of the pure braid group PBy(F, k) is a free abelian group of
rank k. Let us identify the abelianization of the fundamental group of a connected
topological space X with the first homology group H;(X,Z).

As a model of D* let us take the disk in C* centered at 0 and with radius 2. As
an m-tuple of points moving in D* we take the points w’,,j = 0,...,m — 1 where

271

Wy, = exp(=it) is the primitive root of unity of degree m. The class of the full twist

in B, (D*) or PB,,(D*) is represented in the abelianization H;(D*)™ \ A,Z)ﬂ
of PB,,(D*) by the homology class of the simple loop (... ,wf;le%\v/n?“ ,...). Here

7=0,1,....m—1and 0 <t <1. The map

Hi (D)™ \ A) = Hi((D")™, Z) = 2™
induced by the inclusion sends this class to the class (1,...,1) € H((D*)™,Z).
Hence its image in Hy(D*,Z) under the map H;((D*)™,Z) — H;(D*,Z) sending
a homology class to the sum of all its coordinates equals m times the class positive

generator of Hy(D*,Z), i.e. to the boundary of a small disk in D* centered at the
puncture.

Now consider a similar composition of the maps:
Hy((F\ RPN\ AZ) = Hi(F\ [K)?,2) — Hi((F\ [k])*, 2) (2.5)

induced by the inclusion and addition in the homology respectively. We claim that
for k > 1, the images (of the classes) of each of k generators of Roty,, . m, span a
free abelian group in the latter homology group. Indeed, notice that Hq(F \ [k]) ~
7ZF=1 @ 729, where ZF~1 has k generators each being the class of the boundary of
a small disk centered at the respective punctures subject to one relation. By the
Kiinneth formula,

Hy((F\ [K)*) = @f Hy(F \ [K]) = @7(Z" " @ 2%9).

Now for j =1,...,k, the class of the braid which makes a complete turn about the
j-th puncture and which is trivial near the others, is given by the element having
all vanishing components except for the entry m; in the j-th direct summand. This
class is non-trivial unless £ = 1, g = 0 in which case we have the braid corresponding
to the rotation of m uniformly distributed along a circle points which clearly has
infinite order (as the full twist in the Artin braid group).

2as above, A denotes the diagonal consisting of collections of points in D* having at least two

equal components.
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Fi1GURE 1. Illustration of the generators o and z from Proposition

For k > 2, the case of closed surfaces follows from that of punctured surfaces and
Proposition [I] If £ = 1 and one of components of the complement to a considered
collection of ovals is a disk, then assuming that the second component is not a disk,
but the rotating points are in the disk, we also obtain that the group of boundary
braids is infinite cyclic. Finally, in the remaining case £ = 1 when both components
of the complement to the oval are disks, we obtain the cyclic group of order 2m
since the full twist of m points in the braid group of the 2-dimensional sphere has
order 2, (cf. [§]).

O

Remark 1. The group of boundary braids is a subgroup of the braid group of the
disconnected surface LI D*. We can show the injectivity of its image in B(F, k), but
this fact does not immediately follow from similar results of [2] since the argument
in loc. cit. is only applicable to embeddings of connected surfaces, (cf. also .

The following is an immediate consequence of Proposition

Corollary 1. The full boundary braid has infinite order in Brq(F) unless F = S?
and the braid corresponds to a single oval. In the latter case its order is 2d.

2.2. Boundary braids in terms of generators. Let F' be an orientable surface
of genus g with k punctures. One can view F' as a polygon P with 4¢ sides and with
k punctures [k] C P represented by small disks deleted from the polygon. We mark
d points in P, whose movements will form the braids in the braid group By(F, k)
of d strands and place the points and punctures along a horizontal segment in P
in such a way that d points come first and are ordered from left to right; they are
followed by k punctures (shown by small disks below). One identifies the opposite
sides of the polygon with appropriate orientation so that they correspond to 2g
generators of 71 (F,b) where b is the image of the vertex, see Fig.

Recall the definition of a good ordered system of generators of wi (D \ [N],po),
where D is a disk (which will be taken in P), [N] is a subset of D consisting
of N points (or punctures) positioned along a segment and py € 0D, (cf. [15]).
Such system corresponds to an ordered collection of loops; each loop is obtained
by at first moving from pg along a straight segment connecting it to a point on
the boundary of one of non-intersecting disks centered at all N selected points
in D, then traversing the boundary of the respective disk in the counterclockwise
direction and finally returning back to pg along the same straight segment.

In these notations we have the following result.
Proposition 3 (cf. [1]). The set of standard generators of Bq(F,k) consists of
the following three groups:
(i) o, i=1,...,d — 1 (Artin’s generators of the braid group of a disk);
(ii) ai, b, i=1,...,4g, (braids in which only the point p1 moves through the walls
of the pairs of identified sides of P while other points p;, i > 1 are fized; on the
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i Q;

Zi

FIGURE 2. Generators of the braid group By(F, k).

closed surface these generators correspond to the motion along one of 2g standard
generators of the fundamental group of a closed surface of genus g).

(iil) z;, i = 1,...,k —1 (braids in which only the point py is moving along the loops
encircling one of the first k — 1 punctures of a good ordered system of generators
of the fundamental group of the complement to the punctures in the polygon P; the
braids represented by similar loops encircling one of the remaining marked points
are conjugates of z; by some of Artin’s generators o;’s).

Remark 2. For the sake of completeness, we presented in § [6] below the set of
relations among the latter standard generators. However these relations will not be
explicitly used in the present article.

The following Proposition gives an algebraic characterization of the boundary
braids in terms of the standard generators from Proposition [3] This description is
parallel to that of the braids corresponding to loops around projections of singular
points of plane curves via braid monodromy, (cf.[I5]). We use the following rela-
tion between good ordered systems (w1, ..., w,—1) and (w],...,w;_,) given by the
Hurwitz moves:

-1 .

Tit (Wi, We—1) = (W1, - Wi, WWi W, Wiy Wi 1, - -+ Wh—1) §=1,...,k—2.
(2.6)
s 1 1,2 2 k k ; _
Proposition 4. Let pi, ..., Dy, PTs -+ s Pimys 5Pl -+ > P, b€ a collection of d =

Zlf m; moving points in the braids group By(E,k) of a closed surface E with k
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punctures qi,...,qx. Assume that they are positioned inside the polygon P used
in Theorem @ and aligned along a straight segment (which can be thought of as
a segment on R C C). Assume that the latter points are ordered left-to-right as
Pl P P Doy DY DRty Qe Let of ... 0k, ) be the stan-
dard generators of the braid group of d = Zlf m; strands corresponding to the clock-
wise half-twists of pairs of consecutive points and let z be the braid corresponding
to the motion of the rightmost point pﬁlk around the puncture q; in the counter-
clockwise direction. Then the following facts hold.

a) In the above notation, in the subgroup By(k) C Ba(E, k) generated by the
braids o}, ... 7Ufnk71a together with z1, ..., zx considered in Proposition@ the above
braid z is conjugate to the braid z1. Additionally, the boundary braid obtained as
the clockwise rotation of the collection of points p¥, . .. ,p}nk about the puncture qq
is given by

zflaﬁqk_il ..ot (2.7

(Here the composition is written left-to-right).

b) The boundary braid corresponding to the rotation of the collection of points
Pl ,pim about the j-th puncture q; for (i,j) # (k,1) has the same form in
which z is conjugate to the generator z; in Bq(k) and the factors O'lk7 l=1,...,mg
are replaced by the factors 1,...,0,, 1 obtained by application of a sequence of
Hurwitz mowves @) toot,. .., Ufm_l.

Proof. Formula follows immediately from the algebraic form of rotations in
Artin’s braid group (see e.g. [§], Sec. 9.2). It gives the required algebraic form in
the case when the rotating collection of points and the puncture about which this
collection is rotating are adjacent to each other.

In the remaining cases, applying a diffeomorphism of the disk containing all the
collections of points p = {pl}, q = q1,--,qx which moves p},...,pl,  to the
right in such a way that they will be located to the right of all remaining points
in p and to the left of all points in q leads to the relation in which the
standard generators corresponding to the moving points p?» are used as o’s. (The
correspondence between the action of the diffeomorphism group of the disk on the
braids and the Hurwitz moves allows us to express these new generators in terms
of the original ones.) O

2.3. Action of the mapping class group on boundary braids. Denote by g
the genus of a closed oriented surface F and by Mod(F) the mapping class group
of E; we let Mod(E,d) be the mapping class group of F with d marked points.

Recall that one has the exact sequence:
Brq(E) = Mod(E,d) — Mod(E) — 0, (2.8)
(cf. [8], Theorem 9.1 or [2]).
If either E ~ S? is a 2-sphere or E ~ T? is a 2-torus, then we get
0 — Zy — Bry(S?) — Mod(S?,d) — 0 (2.9)
and
0 — C — Brq((T?) — Mod(T?,d) — SLa(Z) — 0

respectively, where C is the center of Bry(T?) and Z, is the center of Bry(S?), (cf.
[8], p. 245 or [2], Theorem 4.3).

In case when the surface F has a negative Euler characteristic, the left homo-
morphism in the sequence is injective, i.e.

0 — Bry(E) — Mod(E,d) — Mod(E) — 0. (2.10)
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In particular, the mapping class group Mod(E) acts on the conjugacy classes
of Bry(E) (and on its quotients by the centers in the cases of non-negative Euler

characteristic (2.9))).

On the other hand, the mapping class group Mod(FE) also acts on the isotopy
classes of separating collections of ovals. The next proposition compares its action
on the conjugacy classes of braids or the subgroups of boundary braids and on the
isotopy classes of separating oriented collections of ovals, (cf. Definitions .

Proposition 5. Two subgroups of boundary braids (resp. the two full boundary
braids) with respect to two collections of ovals belong to the same orbit of the map-
ping class group if and only if the isotopy classes of oriented collections of ovals
belong to the same orbit of the mapping class group. In case of S%, the conjugacy
class of a boundary braid is determined by the isotopy class of the oriented collection
of ovals.

Proof. Indeed, let ¢ be a diffeomorphism of a closed surface E such that for two
systems of ovals {«;} and {8;}, one has ¢(a;) = f3; for every i. Let F be one of
the connected components of E \ U;a. Then ¢ induces the map between the braid
groups of each connected component of F' and the respective connected component
of ¢(F). Note that since the points at which the image of the braid in F and
the braid in ¢(F') are based (cf. definition of a braid in § [IJ) do not necessarily
correspond to each other, the identification of the subgroups of boundary braids
requires a choice of a path in the configuration space connecting the points at which
these braids are based. This circumstance leads to ambiguity up to conjugation.
And vice versa, if two full boundary braids d1, d2 corresponding to two subsur-
faces F}, F5 of a surface E with negative Euler characteristic lie in the conjugacy
classes belonging to the same orbit of Mod(E), then the elements of Mod(FE,d)
corresponding to the braids J; are conjugate by an element v € Mod(E,d). Then a
diffeomorphism representing - sends the collection of ovals determining the group
of boundary braids containing §; to a collection of ovals determining the subgroup
of the boundary braids containing d5. This observation settles the claim. O

2.4. Boundary braids and Nielsen—Thurston classification. Here we will de-
scribe the images of the boundary braids in the mapping class group in terms of
the Nielsen—Thurston classification, see (2.8]). (We will use [§] as the main reference
for this material).

Recall that to an element [f] of a mapping class group containing a diffeomor-
phism f € Dif fT(E,d) one associates a reduction system, i.e. a system of (defined
up to isotopy) pairwise non-intersecting simple closed curves ¢;, i = 1,...,N in
E\ [d] such that

(i) each ¢; is essential, i.e. non—contractible in E \ [n];
(i) f(ei) =
(iii) on each connected component of the complement to a canonical reduction
system, the restriction of the diffeomorphism is either periodic or pseudo—
Anosov.

Moreover, one obtains the canonical reduction system by taking the intersection
among all maximal reduction systems. (We refer to [8], Sect. 13.2.2 for the de-
tails of this construction). A diffeomorphism f € Diff*(F,d) is called reducible
if its canonical reduction system is non—empty. By the Nielsen—Thurston clas-
sification, any diffeomorphism f € DiffT(E,d) is either periodic, reducible, or
pseudo—Anosov, (cf. [§], Theorem 13.2).

The following result describes boundary braids in terms of the Nielsen—Thurston
theory.
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Proposition 6. A braid in Bry(E) is a boundary braid if and only if the corre-
sponding mapping class induces the identity class on each connected component of
the complement to its canonical reduction system different from an annulus and it
induces a periodic class on each connected component homeomorphic to an annulus.
In particular, boundary braids are pseudo—periodic, (cf. terminology used in [14]).

Proof. Let B be a boundary braid corresponding to a collection of braids 3; €
Brp,,(Df), i = 1,...,k. The images of the boundaries of punctured disks D} in
F composed with the embedding into F from Definitions [I| and [2| give collection
of simple closed curves ¢;, ¢ = 1,...,k. Those of the latter curves which are not
null-homotopic in F'\ [d] form a reduction system which is canonical. Furthermore,
the restriction of a homeomorphism representing S on E is trivial on all connected
components of E'\ Uc; which are different from either of the punctured disks. (Here
Uc; is the union of all ¢;’s in the canonical reduction system). On each of the
punctured disks the corresponding diffeomorphism is a rotation above the respective
puncture having a finite order in Dif f*(D*) (i.e. twice punctured sphere, cf. [§],
Sect. 7.1.1).

Vice versa, given a canonical reduction system of the diffeomorphism correspond-
ing to a braid 8 € Bry(FE), let F;,i = 1,...,k be the collection of components
of the complement diffeomorphic to an annulus. By assumption of Proposition,
the diffeomorphism induces a finite order diffeomorphism in Dif f*(D*,m;) =
Dif f+(S?,m; + 2) fixing two points. Such a diffeomorphism is isotopic to a rota-
tion about the axis containing two punctures ([§], sect. 7.1.1), i.e. corresponds to
a braid f; in BB,,,(D*). Since the diffeomorphism corresponding to § is isotopic
to identity on the complement to F;,i = 1,...,k the braid g is just the product of
the braids S;.

O

3. MEROMORPHIC FUNCTIONS WITHOUT REAL CRITICAL VALUES.
Recall the problems from the introduction we address in this paper:

Problem 1. Describe the equivalence class of the closed spherical braid attached
to a pencil of binary forms as well as the set of the equivalence classes of closed
d-stranded spherical braids which might occur for (generic) pencils of binary forms
of degree d.

Problem 2. Enumerate connected components of 09 of the space of pencils of
binary (1.1)) such that P(u, v, : ) = 0 has no multiple roots for all (« : §) € RP'.

Problem 3. Describe the equivalence class of the braid attached to a meromorphic
function as well as the set of equivalence classes of all d-stranded braids which might
occur on Riemann surfaces of genus g from meromorphic functions of degree d.

Problem 4. Enumerate connected components of Hg'y C Hg.a.

In this section we address all these questions. We start by setting up the nota-
tions. Given a meromorphic function f : E — CP! > RP! of degree d without real
critical values, let Ny := f~!(RP') C E be the pre-image of the real line in CP!.
Notice that since f has no real critical values, Ny is a collection {O1, 02, ...,0y}
of smooth simple closed disjoint curves endowed with orientation corresponding to
the positive direction of R C RP!. The set CP!\ RP? splits into the upper and the
lower half-planes H" and H™ respectively. Each connected component of E \ Ny
is mapped by f either onto H* or onto H™ and hence the set of connected com-
ponents splits into positive and negative classes (cf. Deﬁnition denoted ET and
E~ respectively. In particular, Ny is a separating oriented collection of ovals.
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Each oval Oy is assigned a positive integer m; which is the degree of the restric-
tion f : O; — RP!. Since by our assumption of absence of real critical values,
f restricted to O; has no critical points, we obtain that m; equals the number of
times the oval O; wraps around RP! under f. Obviously, m; +my +---+my = d.
We will call a labeled collection of ovals a collection in which each oval is assigned
a positive integer.

Since Problems [I] - [2] are the special cases of Problems [3]-[4] we will concentrate
on settling the latter questions. To address Problem consider the (small) Hurwitz
space H4 4 of meromorphic functions f : E — CP?! of a given degree d on smooth
compact Riemann surfaces of genus g with only simple critical values=branching
points. Recall that the number of these critical values equals 2d + 2g — 2. (We
consider meromorphic functions up to triangular equivalence, i.e. functions f; :
E; — CP',i = 1,2 are called equivalent if and only if there exists a biholomorphic
map ¢ : E1 — E5 such that f; = fa0¢.)

Recall that H, 4 is a smooth quasi-projective complex manifold, (cf. [22]). In
fact, since all the critical points of meromorphic functions are assumed to be simple,
it is a finite unbranched cover of the configurations space of unordered distinct
tuples of points in CP! of cardinality 2d 4+ 2g — 2. Denote by ’HZ,Td C Hg,q the

subset of meromorphic functions without real critical values. (H,"; is a Zariski

open subset of H, 4 viewed as a quasi-projective manifold over R and hence is
smooth.) For obvious reasons, it is an open complex submanifold of H, 4.

Definition 4. Let f : E — CP! be a meromorphic function from Hy'y and let
Ny:=Ff “1(RP') C E be the corresponding labeled collection of ovals. The isotopy
class of the map S' — (E4\ A)/Symg given by t — f~1(t) C t x E considered as
an element in Brg(FE) is called the braid of f.

Clearly, a braid in Definition [] is the full boundary braid in the subgroup of
boundary braids corresponding to the system of ovals Ny considered in § (cf.

Def. .

The braid of a meromorphic function can be described in terms of the mapping
class group—valued monodromy of a curve on an algebraic surface, (cf. [I3]). Recall
that a pencil of curves p : Z — CP! on a complex algebraic surface Z and a curve
C C Z with the set of critical values Cr C CP! of both p and its restriction to
C corresponds the homomorphism of braid monodromy from 7y (CP! \ Cr,b) into
the mapping class group Mod(E,d) where E is a generic fiber of p and d is the
intersection index of a fiber of p and C. Specifically, for a loop v representing a
class in 71 (CP! \ Cr,b) one selects a trivialization of the locally trivial fibration
of pair (p~1(3),p~1(7) N C) C (Z,C) ice. a map [0,1] x (p~1(b),p~1(b) N C) —
(p~1(7),p1(y) N C) which for any t € [0, 1] restricts to a diffeomorphism of ¢ x
(p~1(b),p~1(b) N C) onto its image. Then to 7 one associate the diffeomorphism
of p~1(b) taking the image of a point in (0,2) € 0 x p~1(b) € [0,1] x p~1(b) to the
image in p~1(b) C p~1(7) of the point (1,z) € [0,1] x p~1(b) (cf. [13] for details of
this construction). UNCLEAR.

Note that each trivialization of the pair (p~1(7), p~1(v)NC) over ~ induces a dif-
feomorphism of the pair p~1(b), p~1(h)NC i.e. induces an element in Mod(p~1(b), d)
where d = Card(p~1(b)NC). Moreover, a trivialization of the locally trivial fibration
p~1(7y) — 7 by the same construction as outlined above induces a diffeomorphism
of p~1(b). The class of this diffeomorphism in Mod(p~1(b)) is the image of the class
corresponding to 7 in Mod(p~!(b),d) by right map in sequence .

If p is the projection of a direct product with a curve, then the mapping class
group—valued monodromy of the pair (Z,C) has as the image a subgroup of the
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kernel of the right map in the sequence since the mapping class group—valued
monodromy of fibration of direct product Z = E x CP' — CP! is trivial. UN-
CLEAR. In other words, we have the monodromy map with values in By(E); in
cases when the left map in is not injective, the values are in the quotient of
the corresponding braid group.

Lemma 1. Let f : E — CP' be a meromorphic function taken from ga- et
Z = ExCP" and let C C Z be the graph of f. Then the braid of the meromorphic
function f is the image of the class of the loop represented by the real line in
71 (CPY \ Cr) under the mapping class group-valued monodromy of the graph C

corresponding to the projection v : Z — CPL.

Proof. Note that the critical values of the restriction of the projection v coincides
with the critical set of f. Further, since f € HJ";, the real line in CP" defines
a loop in 71 (CP! \ Cr,0). Comparison of the definitions immediately implies the

claim. 0

3.1. Connected components of Hy'y and systems of ovals. The following
Proposition gives a condition for two separating oriented collections of ovals to be
in the same orbit of the mapping class group in terms of topology of connected
components of their complements.

Proposition 7. Let C1,Cs be two oriented collections of ovals on a surface E and
let E;“, E;,i=1,2 be corresponding positive and negative classes of components of
the complement to each collection, (cf. Deﬁm’tion@). The isotopy classes of C1 and
Co belong to the same orbit of the mapping class group Mod(E) if and only if there
exist one-to-one correspondences between the connected components of E; and E
(resp. Ef and E5 ), preserving the topological type of connected componentsﬂ and
a one-to-one correspondence between the ovals of C1 and Co such that the incidence

relation between components and ovals is preserved.

Proof. Given collections of ovals oy, ...,aq and B, ..., B4, let ¢ be the element of
the mapping class group such that ¢(a;) = 5;. Then there exists a diffeomorphism
of F representing the class of ¢ satisfying the same relation for the ovals and which
induces a diffeomorphsim between corresponding elements of pairs of surfaces into
which «; (resp. ;) split E. Similarly, the one-to-one correspondence allows us to
make a choice of diffeomorphisms between connected components of the elements of
pairs into which F is split by each collection of ovals. This choice of diffeomorphisms
of ovals extends to a global diffeomorphism of the surface representing the required
element of the mapping class group. O

The following lemma describes critical points of generic maps of a surface with
a boundary which send this surface to a fixed disk and its boundary to the circle
bounding this disk. The space of such generic maps turns out to be connected.

Lemma 2. Given a smooth connected surface W of genus g > 0 with k > 1
boundary components O1, Oa, ..., Oy equipped with positive integers (multiplicities)
my,ma, ..., Mg, d = Z§=1 m; assigned to each component, there exists a mero-
morphic function ¢ : W — D of degree d with simple critical values at a given set
of d+2g + k — 2 points in an open disk D with the following additional properties:
(i) ¢ sends each connected component of the boundary of W locally diffeomorphically
on the boundary of D where D denotes the closure of D;

(ii) the restriction of ¢ onto each O; has degree m;, i =1,... k.

3ie. preserving the genus and the number of boundary components
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Finally, the set of all meromorphic functions ¢ with the above properties is con-
nected.

Proof. Lemma |2 has been settled in § 3.1, Lemmas 1-3 of [19]. Alternatively, the
connectedness of the latter space of meromorphic functions can be deduced from the
uniqueness of Hurwitz action on the factorizations of products of cycles of lengths
mq,...,mg in the symmetric group Symgy into transpositions, (cf. [12]). (The
number of critical points is immediate from the Riemann-Hurwitz formula.) g

For the next Proposition, consider the lift of the action of the group of orientation—
preserving diffeomorphisms of a closed surface E on oriented collections of ovals to
its action on the covering space of the latter space consisting of labeled oriented
collections of ovals, see Lemma [2| Namely, we define the action of ¢ € Dif fT(E)
as ¢(0;,m;) := (¢(0;),m;). In fact, we consider the action of the isotopy classes
of diffeomorphisms, i.e. the action of the mapping class group of E on the isotopy
classes of collections of labeled ovals.

Proposition 8. In the above notation, connected components of M’y are in one—
to-one correspondence with the orbits of the mapping class group acting on the
isotopy classes of oriented collections of ovals {O1,0a2, ...,04} on a fized surface
of genus g equipped with positive multiplicities {m1,ma, ..., my} adding up to d.

Proof. For any two meromorphic functions f; : C; — CP',i = 1,2 within a given
connected component of My, a choice of trivialization over a path connecting f;
with fs produces a diffeomorphism between C; and C5. This diffeomorphism maps
the collections of ovals on C; with multiplicities given by the degrees fi restricted to
each connected component of the preimage of the real axis onto that of Cy and f5.
It also matches the connected components of pre-images f;l(H *),i = 1,2 (resp.
fi_l(H 7),i = 1,2). After selecting diffeomorphisms between C; and Cy with a
fixed surface E, we obtain two isotopy classes of labeled oriented ovals in E which
are mapped to one another by an element of the mapping class group of F.

To show the opposite implication in Proposition[8} suppose that we have a surface
E endowed with labeled oriented collection of ovals with multiplicities adding up
to d. Using Lemma [2| we can construct a meromorphic function of each connected
component of the complement in E' to this collection of ovals with prescribed de-
grees of covering on each boundary components. Then we can glue these “partial”
meromorphic functions into a global meromorphic function f : E — CP' > RP!
of degree d.

Now let C;,7 = 1, 2 be two collections of ovals with multiplicities in the same orbit
of the group of diffeomorphisms. An orientation preserving diffeomorphism taking
one onto the other induces the correspondence between connected components in
positive (respectively negative) class matching the multiplicities of the boundary

components. The connectedness claim in Lemma [2] shows that two meromorphic
functions f;,7 = 1,2 in ’H"T having the same combinatorial information can be

deformed one into the other 1n81de 7—[’“"
O

3.2. Connected components of Hy'a and boundary braids. Each oriented
collection of ovals determines a subgroup of boundary braids and vice versa. Our
main Theorem 1] I relates the connected components of H!'", and the orbits of the
mapping class group acting on abelian subgroups of the brald group representing
boundary braids.

Theorem 1. The map sending each connected component of o to the respective
orbit of the mapping class group Mod(E) of a closed surface E of genus g acting
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on the conjugacy classes of the full boundary braids of the group Bry(E) via the
sequences (@, (@) 18 1njective.

Proof. Let 8;,i = 1,2 be the braids of two meromorphic functions f; and fy such
that 82 = ¢(aBia~?t) for an appropriate element ¢ € Mod(E) of the mapping class
group of a surface F of genus g and a braid a € Brg(FE). Since f3; are the boundary
braids they correspond to two systems of oriented label collections of ovals. It
follows from Proposition [5) that these collections are mapped one onto the other
by an element of the mapping class group as well. Now since both f; and f> have
the same degrees as coverings of RP! ¢ CP*, Proposition [8 implies that from this
relation between the collections of ovals follows that the functions lie in the same

connected component of Hy";. O

4. SPECIAL CLASSES OF MEROMORPHIC FUNCTIONS

4.1. Hurwitz spaces Hg"; of rational functions. The next claims can be easily
derived from the earlier results of [16] [I7], but they also follow from the above more
general Theorem [I] and Proposition

Proposition 9. Consider the space Rat)}" of all rational functions of degree d with

all non-real critical values. Then connected components of Rat}" are in on-to-one
correspondence with the equivalence classes consisting of a collection of disjoint
ovals {O1,0s, ...,04} in CP! together with a collection of positive multiplicities
{my,ma, ..., my} adding up to d.

Similar results can be found in e.g. [3] [19].

Proposition 10. For F ~ CP! ~ §2, the representative of the conjugacy class
of the braid corresponding to a given collection of ovals in CP' with the positive
multiplicities is obtained by the same construction as in Proposition[§

Proof. The argument follows that in Proposition O

Proposition 11. In case F ~ CP! ~ 82, the conjugacy classes of the collections
of ovals (without multiplicities) are in one-to-one correspondence with (the isomor-
phism classes of planar) directed graphs on S? and the conjugacy classes of the
collections of ovals (without multiplicities) are in one-to-one correspondence with
(the isomorphism classes of planar) directed graphs on S? equipped with positive
integer weights of their vertices.

Proof. Given a collection of the ovals in S?, we assign a vertex to each connected
component of the complement to this collection and to each oval we assign the
oriented edge directed away from the vertex representing connected component
mapped to HT. O

Remark 3. Apparently, Proposition 11| can de extended to surfaces of all genera,
but the respective combinatorial gadgets are not very illuminating, comp. [6].

4.2. Case of special real meromorphic functions. Assume now that a Rie-
mann surface F is equipped with an anti-holomorphic involution o (complex con-
jugation) and that a meromorphic function f : E — CP! is equivariant with respect
to ¢ and complex conjugation [u : v] — [@,7] on CP'. Such functions f are clas-
sically referred to as real meromorphic functions. Connected components of the
spaces of generic rational and generic meromorphic functions have been earlier
studied in [I9] 6] respectively.

We say that a real meromorphic function f : E — CP' is special if it has no real
critical values. Notice that generic real meromorphic functions might have simple
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real critical values which implies that condition of speciality substantially restricts
the class of real meromorphic functions under consideration. However special mero-
morphic functions of a given degree form full-dimensional subsets among all real
meromorphic functions of the same degree.

Proposition 12. Space of special real meromorphic functions of degree d on a
surface of genus g is real manifold of dimension equal to complex dimension of the
whole (small) Hurwitz space.

Proof. The (small) Hurwitz space is an etale cover of the configuration space of
b = 2d — 2g — 2 points and has complex dimension b. For real meromorphic func-
tions, non-real critical values come in conjugate pairs and hence for any special real
meromorphic function, the number of critical points in the upper half-plane equals
d—g—1. A connected component of the space of special real meromorphic func-
tions containing a function f consists of functions determined by the set of critical
points in the upper half-plane and having the same monodromy factorization as
f- (The critical points in the lower half-plane and the respective monodromy are
uniquely determined via complex conjugation.) Clearly, the complex conjugation of
CP! lifts to the complex conjugation of the domain of each meromorphic function
obtained through this construction. This connected component is an etale cover of
the configuration space of d — g — 1 points in the upper half-plane and hence has
real dimension 2d — 2g — 2. O

Now we study the monodromy of special real meromorphic functions, arising
restrictions on the system of ovals, and some examples of boundary braids occurring
for special real meromorphic functions. Given such a function f, notice that the
equivariance and the absence of its real critical values implies that o (resp. complex
conjugation) acts freely on the set of critical points (resp. critical values) of f, i.e.
these actions have no fixed points. Moreover, as already mentioned earlier, Hurwitz
monodromy has a natural split into the monodromies corresponding to the critical
values lying in the upper resp. the lower half-planes.

In the case when a meromorphic function f : E — CP' is real, a good ordered
system of generators of 7y ((CIP’1 \ Cr,b) can be selected as a good ordered system of
generators of the fundamental group of any disk containing b U Cr and compatible
with complex conjugation, (cf. Section . Here Cr is the set of critical values
of f and b € RP'. Indeed let v;,...,yn be a good ordered system of generators
of m(HT \ (Cr nHT),b) and let 4; be the loop conjugate to v;, i =1,..., N and
lying in the lower half-plane H~. Then

715'"v’yN—lany7F7]T/'177;/1_1a"'a'71_1 (41)

is a good ordered system of generators of 7 (CP" \ Cr,b).

Now let us compare the braids introduced earlier with those corresponding
to the upper and the lower half-planes. As in Section [2| set Et = f~1(HT),
E~ = f~YH"), and B = f~1(b), card B = deg(f). As before, ET and E~ will be
equipped with the orientations induced by the complex structure so that the com-
plex conjugation E+ — E~ reverses the orientation. Consider the corresponding
maps of the braid groups:

it : Br(Et,B) = Br(E, B)
i~ :Br(E~,B) — Br(E,B)
induced by the embedding of subsurfaces.

It was already mentioned that unless E~ (resp. ET) is a disk these maps are
injections, (cf. Proposition .



MEROMORPHIC FUNCTIONS WITHOUT REAL CRITICAL VALUES AND BRAIDS 17

Note that for any v € 7 (H' \ Cr,b) (resp. v € w1 (H™ \ Cr,b)), its preimage in
ET (resp. in E7) induces a path in the configuration space of subsets of cardinality
card B in E*, i.e. a braid in Br(E™, B) (resp. in Br(E~, B)). In particular, we
obtain the homomorphisms:

M* @ (H*\ Cr,b) — Br(E*, B) (4.2)

and
M~ :mH~\Cr,B) = Br(E~,B)

called Hurwitz braid monodromgﬁ where both maps are restrictions of the mon-
odromy

M : m (CP'\ Cr,b) — Br(E,B).

The above braid coincides with M (yx - ... 1), where vy -...- 7 is the element
of the fundamental group corresponding to the loop represented by the real axis
RP! c CP!. It can also be expressed as M~ (Jn -...-71). Using decomposition of
the loop corresponding to the real axis in H we immediately obtain the following.

Proposition 13. Let vq,...,vn be a good order system of generators of mi(H™T \
Cr,b). The identity

M- IN =1 AN (4.3)
holds in m; (CP? \ Cr, b)) which implies that

M (yw)) = (MG - T))

Projecting smooth real plane algebraic curves onto CP! from a real point in CP2
we obtain interesting examples of real meromorphic functions. If such a projection
has no real critical points one has the following result (whose proof is standard).

Proposition 14. LetI' C CP? be a real algebraic curve of degree d whose projection
on the real x-axis has d real pre-images and no real critical points. Then for even
d, the pre-image of the real axis in I' is a union ofg circles each being a double
covering the real axis. For d odd, in addition to [g] “double” circles there is one
more circle covering the real axis diffeomorphically.

Note that Proposition [I3] describes two factorizations of the braid in Proposi-

tion [I41

4.2.1. Ezamples. Let us give an explicit calculation of the braid corresponding to
the real axis in a special case. Namely, let Cy; C CP? be the complex projective
curve given by z¢ 4+ y¢ 4+ z¢ = 0 usually referred to as the Fermat curve and let
7 : Cqy — CP' be projection of Cy; onto the real z-axis RP} (i.e. the projection
centered at [0,1,0] € CP?).

Ezample 1. For d = 2, Cy is a rational curve and the preimage 7~ 1(RP}) of the
real z-axis is given by

7Y RP}) = [z, +iv/1+ 22,1 U[1, +4,0] € CP*,

i.e. it has no real points and 7 has two critical points [+i,0,1]. In particular,
7 Y(RP}) is a circle. (Projection on the y-axis is the complement to the interval
(—i,4) of the imaginary axis). M(y,) = oy € Ba(S?) (vesp. M(y1) = o7") is
positive (resp. negative) rotation of a pair of points on Cs. Relation reduces
to o =071 in Br(S?%2) ~ Z,.

4to distinguish from the braid monodromy introduced in [I5]
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F1cURrE 3. Splitting of Cy into 2 connected components

Example 2. Now let d be an even integer greater than 2. Then Cjy has no real
points and d critical values of its projection onto the z-axis are given by wy :=

exp ((%_Tl)m) They belong to H (resp. to H™) for k = 1 4 (resp. for

e s
k=%+1,...,4d).

The points of Cy C CP? which project onto the origin # = 0 are of the form
(0,wk, 1). The lift of the preimage of the positive (resp. the negative) z-semi-axis
with the initial point (0w, 1) is given by (z,a(z)w, 1) where a(z) = (1 + z%)a
and x > 0 for the positive semi-axis (resp. < 0 for the negative semi-axis).

Notice that limy_, 400 (2, a(x)wg, 1) = (1, wy, 0). Hence traversing the real axis
first from 0 to oo along the positive semi-axis and then returning back to 0 along
the negative semi-axis (in positive direction) interchanges the points (0,wy, 1) and
(O,wgl,l). Hence the preimage of the real axis RP! consists of g circles each
covering RP} twice, as pointed out in Proposition

Hence Cy (which is a compact Riemann surface of genus 4 (d — 1)(d — 2)) splits
by these % circles into the union of two diffeomorphic surfaces with opposite orien-
tation, see Fig. Direct calculation shows that this split of Cy by the preimage
of the real axis gives a decomposition of Cy into a union of two surfaces of genus
@ punctured at % points. Additionally, the braid we are interested in is the
rotation by the angle 7 along the system of ovals providing the split.

4.3. Deformations of meromorphic functions. In this subsection we discuss
what happens to the braid of a meromorphic function f : £ — CP' having simple
critical points and no real critical values when f is deformed in such a way that all
the critical points remain simple, but exactly one of the critical values crosses the
real axis RP'.

Our goal is to compare the braid of a function f with one of the critical values
co located close to the real line in the lower half-plane and the braid of the function
f which is obtained from f as the end function of a deformation starting with f
and which moves the critical ¢y of f value across the real axis from the lower to the
upper half-plane, while other critical values remaining in their respective half-planes
during the deformation.

To fix our notations let us, without loss of generality, assume that ¢ lies inside a
half-disk Dy bounded by a small semicircle in the lower half-plane and the interval
of the real axis. Let v € 7 (CP' \ Cr(f),b), b € RP' be the class represented by
the loop given by the real axis where (as above) Cr(f) is the set of critical values
of f. Let d., € mi(H™ \ Cr,b) be the class represented by the loop consisting of
the interval in real axis connecting the base point b € R with the right end of the
semi-circle bounding the semi-disk containing cg, and then followed by the interval
in R connecting the left end of the semicircle and the base point b.
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cr(f) ®

H+

FIGURE 4. Deformation of a meromorphic function

Observe that H+\ Cr(f) is a retract of HT\ Cr(f)U(Do\co)) which implies the
isomorphism 7y (H \ Cr(f),b) — m (HT\ Cr(f)U (Do \ o)) with this isomorphism
taking the class of f~'(RP') € m;(HT \ Cr(f),b) to the class of &, followed by
the class of f~Y(RP'), see Fig. [4| where the orientation of the loop RP! given by
moving in negative direction. UNCLEAR

Let (i1,42) be the transposition corresponding to dp and let (7q,...,7x) be the
cycle decomposition of the permutation corresponding to the image of v in the
Hurwitz monodromy 7 (CP*\Cr(f),b) — Symg. Recall that the ovals in f~!(RP")
correspond to the cycles 7; and the braid for each cycle is represented by the rotation

by the angle 12—”), where [(7;) is the length of the cycle.

(i
There are two distinct cases to consider:
(1) 41 and iy belong to a single cycle 771;
(2) i1 and i lie in distinct cycles, say 7 and 7o.

Case 1. We can assume that the cycle 71 is written in the form (41, a, i3, b) for some
ordered subsets of [1,...,d]. One has the following cycle decomposition

(il,iz)(il,a,iz,b) = (il,b)(ig,a) (44)

for the product (i1,i2)7 which should be read from left to right.
We claim that in this case the oval in f _I(RPl) corresponding to the cycle 7
splits in two disjoint ovals and the braid corresponding to the rotation by % splits

into the product of the braids corresponding to rotations by the angles #’fd(a)

and (Note that I(71) = 2 + card(a) + card(b)) respectively.

2w
1+4card(b) "
Case 2. The transposed elements i1, € [1,...,d] belong to a pair of disjoint cycles
71 = (i1,a) and 79 = (ig,b). Similarly to (4.4) one has

(il, iQ)(il, b)(Zga) = (zla12b) (45)
In this case, two ovals corresponding to the cycles 71, 7o merge into one.

Proposition 15. Let f : E — CP' be a function without real critical values. A
deformation of f into the function f during which one of the critical values of f
crosses the real axis from the lower half plane to upper half plane results in the
transformation of the system of ovals in which either one oval splits into two (Case
1) or two ovals merge into one (Case 2). The parameters (mq, ..., m,) specifying
the subgroups of boundary braids BB, m, are transformed as described above.

5a retraction moves the arc of semicircle to its diameter along the vertical lines and is constant

outside a closed disk containing this semicircle
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5. OUTLOOK

We conclude with several additional questions dealing with the special classes of

the families of meromorphic function similar to those which we have answered in
this paper.
1. What arrangements of ovals with multiplicities a given meromorphic function
f: F — CP! might get under possible choices of RP! C CP!. Different choices of
RP! are different by a M&bius mapping. One should apparently use the dual plane
where critical values are lines and RP! is a point.

2. The next question is an analog of Problem[I]of § 3 in the case of square matrices
and is important in mathematical physics, signal processing, and (applied) linear
algebra, see e.g. [0l [10, 26]. Namely, given two d x d-matrices A and B with complex
entries, consider the projectivized real span M(A, B,« : 8) := aA + B, where as
above (a : 3) are homogeneous coordinates on RP!. One can easily observe that if
A and B are generic then for every point (o : 8) € RP!, M(A, B, : ) will have
d distinct (simple) eigenvalues in C.

Therefore, for generic A and B, these eigenvalues depending on the parameter
(a: B) € RP! traverse a closed braid in CP! x RP?.

Problem 5. In the above notation, describe the equivalence class of the closed
braid in terms of (A, B) as well as the set of the equivalence classes of all d-stranded
braids which might occur when the latter construction is applied to (generic) pencils
of complex-valued d X d-matrices.

Observe that Problem [1]is a special case of Problem [5|if one considers pencils of
diagonal matrices. Identifying the space of complex-valued d x d-matrices with c®
and denoting the space of real pencils in c by M, we define its subset MY C M,
consisting of all real matrix pencils forming closed braids, i.e., such that for each
value of (o : 3) € RP!, all d eigenvalues are pairwise distinct.

Problem 6. Enumerate connected components of MJ.

Again, braids corresponding to matrix pencils belonging to the same connected
component of /\/lg are equivalent. Problem |§| asks whether different connected
components can have equivalent closed braids.

The latter problems about matrix pencils can be translated into questions about
projections of plane algebraic curves due to the following old result. Let us recall
the classical theorem about determinantal representations, see e.g. [7].

Theorem A. Every homogeneous polynomial in three variables of degree d can be
written as

f(z,y,2) = det(Ax + By + C=z)
where A, B and C are symmetric d X d-matrices. Here the coefficients of f and the
matrix entries are complex numbers.

3. The last problem we suggest is a refinement of the Problem [3] from § 3 related
to Problem [5| and projections of plane algebraic curves. A natural (sub)class of
meromorphic functions is associated to plane curves and their projections. Namely,
given a plane curve C C CP? and a point p € CP2?, we obtain a meromorphic
function 7, : C — CP! by projecting C onto the pencil of lines through p.

In fact, every meromorphic function f : F — CP! on any compact Riemann
surface F' can be realized as the composition mpov : F' — CP! wherev : F — CP?is
a birational mapping of F' onto the plane curve v(F) C CP? and 7, : CP?\p — CP?
is the projection from a point p € CP2, see [20]. Obviously if deg f = d then
d' :=degC > d. In fact every meromorphic function f : F — CP! where the genus
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of F is g can be realized by a projection of a plane curve C of degree (at most)
d > g+ 2 from an appropriate point p. For many meromorphic functions, C can
be chosen of a much smaller degree, see examples in [20].

Definition 5. Define the planarity defect pdef(f) of a given meromorphic func-
tion f: F — CP! as

pdef (f) = min(deg(v/(F)) — deg(f)
such that f = m, o v, as above.

The space Hgy, q of all meromorphic functions of degree d on Riemann surfaces of
genus g can be stratified as

M

Hoa CHya Coor CHya oo CH =My (5.1)

where 7—[57 4 consists of all meromorphic functions in H4 4 whose planarity defect is

at most £. The exact value M (g,d) is given by max (O, [97?2]), see Corollary
1.15 of [20.

Problem 7. What spherical braids can occur from the meromorphic functions of
degree d on Riemann surfaces of genus g whose planarity defect is at most ¢ and
without real critical values?

Observe that applying projective transformations in the above construction, we
can once and forever fix the point p € CP? and choose the affine chart C?> ¢ CP?
with p at infinity. We can also choose RP' ¢ CP! in the pencil of lines through p.
Now we can consider the set of plane curves C C CP? such that the meromorphic
function f : C — CP' > RP! induces by 7, has no real critical values. This
construction together with the above one associates the set of admissible braids
appearing in each term 7—[? 4 of the above filtration. In particular, for the final term
’Hfé‘q 4 = Hg,q the set of admissible braids is described in the previous section.

6. APPENDIX: RELATIONS AMONG THE GENERATORS OF THE BRAIDS GROUPS
OF SURFACES

Theorem 2 (cf. [I]). Forn > 1, the braid group B, (F, k) of n strands on a surface
F of genus g > 0 with k > 0 punctures has the presentation consisting of the braid
and mized relations given below.

Braid relations:
0304103 = 04100441
00 = 004 "L—_j‘>1

Mized relations:

(R1): ayo; =05ar, broj=ob,, i#£1,r=1,...,¢g; (6.1)

(R2) : (Jl_lar)2 = (arol_l)Q, (01_1b,ﬁ)2 = (brcrl_l)z, 1<r<y; (6.2)
(R3) : [aflasal,ar] =1, [oflbsol,bT] =1, s<r
“\loytason, b =1, [o7'bor,a] =1, s<r

(R4) [o7'aroit, b)) =1, 1<r<g; (6.3)

(RE)) [Zj,a'i]:l, 2'751;]':1,...7]{5—1; (64)
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(R6) [0y 2zi04,a,) = [o7 tzioi, b ] =1, i#1; j=1,....,p—1,1<r <g; (6.5)
(R7) [oy'zjor,z)=1, j=1,...,p—1,j<I (6.6)

(R8) [o7'zjo7t,2]=1, j=1,....,p—1. (6.7)

In other words, if g > 1 one uses all the above relation and in the case g = 0 one
has generators o1, ..,0,-1, 21, .., 2p—1 subject only to braid relations and relations

R(5), R(7), R(8).
In the case of a closed surface F', B, (F) is generated by o1, ..., 0p—1,a1, b1, ..., ag, by
with braid relations, the relations R(1) — R(4) and the relation:

[al,bl_l] e [ag,bgl] =01 ... 0721_1 01, (6.8)
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