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SPHERICAL CONICAL METRICS AND HARMONIC MAPS
TO SPHERES

MIKHAIL KARPUKHIN AND XUWEN ZHU

ABSTRACT. A spherical conical metric g on a surface ¥ is a metric of constant
curvature 1 with finitely many isolated conical singularities. The uniformiza-
tion problem for such metrics remains largely open when at least one of the
cone angles exceeds 2m. The eigenfunctions of the Friedrichs Laplacian Ay
with eigenvalue A = 2 play a special role in this problem, as they represent
local obstructions to deformations of the metric g in the class of spherical coni-
cal metrics. In the present paper we apply the theory of multivalued harmonic
maps to spheres to the question of existence of such eigenfunctions. In the
first part we establish a new criterion for the existence of 2-eigenfunctions,
given in terms of a certain meromorphic data on ¥. As an application we give
a description of all 2-eigenfunctions for metrics on the sphere with at most
three conical singularities. The second part is an algebraic construction of
metrics with large number of 2-eigenfunctions via the deformation of multival-
ued harmonic maps. We provide new explicit examples of metrics with many
2-eigenfunctions via both approaches, and describe the general algorithm to
find metrics with arbitrarily large number of 2-eigenfunctions.

1. INTRODUCTION

The study of spectral behaviour of metrics with singularities has a long history
and has interesting applications in geometry. In this paper, we consider positive
constant curvature metrics on compact Riemann surfaces with conical singularities,
which is a subject that has attracted considerable attention in recent years. One
central question is the following “singular uniformization problem”: given a set of
conical data consisting of cone angles and cone positions on a Riemann surface,
does there exist a positive constant curvature metric with prescribed conical sin-
gularities? The answer, when at least one of the cone angles is bigger than 2w, is
complicated and not completely understood. One difficulty is that the linearized
operator of the nonlinear Liouville equation for positive constant curvature metrics,
given by A — 2, is not always invertible (here A is the Laplace-Beltrami operator).
In the work of Mazzeo and the second author [MZ20, MZ19], the deformation of
such metrics and the local structure of moduli spaces was studied, and it was shown
that the local deformations of a spherical conical metric are determined by the spec-
tral behavior of the Laplacian. In particular, the metric can deform freely if 2 is
not in the spectrum of the Friedrichs Laplace operator, and has local deformation
obstructions otherwise. Moreover, there is a pairing formula that uses the local
expansions of these eigenfunctions with eigenvalue 2 to dictate the exact directions
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of obstructions. Therefore, in order to understand the singular locus of the moduli
space, it is natural to ask if one can find special spherical conical metrics with
eigenvalue 2 and determine the multiplicity of the eigenvalue.

Following [UY00, Ere04, CWWX15] we study conical spherical metrics g using
their developing map. Roughly speaking, a developing map of ¢ is a multivalued
meromorphic map f on ¥ such that g = f*gs, where gg is constant curvature 1
metric on C; see Section 2 for more details. It is easy to see that the components
of the stereographic projection of f are bounded 2-eigenfunctions of A,. In gen-
eral, these components are all multivalued. However, when the monodromy of f
has a simple form, some of these components are single-valued. In particular, if
the monodromy is trivial (or reducible), then the developing map f gives rise to
3-dimensional (1-dimensional) family of 2-eigenfunctions. The local obstructions
induced by these “trivial” eigenfunctions are easy to compute. However, in or-
der to determine the admissible directions of deformation one needs to know all
the 2-eigenfunctions. Thus, a natural question is whether there exist any other
2-eigenfunctions. This brings us to Definition 1.1.

Definition 1.1. A function v in the Friedrichs domain of a spherical conical metric
g is said to be an extra eigenfunction if:

e u is a 2-eigenfunction for the Beltrami-Laplace operator of g, i.e. Aju = 2u;
e v is not obtained by the stereographic projection of a developing map of g.

If the monodromy is trivial, then the developing map f is a branched cover,
see e.g. [CWWZX15]. For branched covers the existence of extra eigenfunctions has
been extensively studied using the theory of minimal surfaces and harmonic maps,
see e.g. [Eji98, Kot97, MRI1, Nay93] and references therein. The main goal of the
present paper is to extend these results to the case of non-trivial monodromy.

In the first part of this paper we show a criterion for the existence of extra
eigenfunctions in terms of certain meromorphic data on ¥. This can be seen as a
generalization of the results in [MR91, Nay93]. One first observes that any extra
eigenfunction can be written as a support function of a minimal surface in R? with
Gauss map f. Thus, the existence of such minimal surfaces can then be studied
using the Weierstrass representation. For the exact statement of the criterion we
refer to Theorem 3.6. As an application we obtain the following.

Theorem 1.2. Let g be a conical spherical metric on the sphere S with at most 3
cone points. Then g does not have any extra eigenfunctions.

The criterion in Theorem 3.6 is especially effective when most cone points of g
have cone angles that are multiple of 27. In particular, it allows us to construct
explicit examples of spherical conical metric with extra eigenfunctions when there
are exactly two non-integer angles, see Example 3.11.

In the second part of this paper we provide an algebraic construction of spheri-
cal metrics with extra eigenfunctions by using the deformation theory of harmonic
maps to spheres. This approach is based on viewing the developing map f as a
multivalued harmonic map to S? considered as a subset of S” and then constructing
f as a limit of linearly full multivalued harmonic maps to S™. We refer to The-
orem 4.9 for the precise statement. These ideas have been previously applied for
branched covers of S?, see [Eji94, Eji98, Kot97] and references therein. In the case
of branched covers all harmonic maps are single-valued, thus, our results can be
seen as a generalization to multivalued setting.
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Theorem 4.9 provides an efficient way of constructing both the metric and the
extra eigenfunctions. We give two applications. First, an explicit family of spherical
conical metrics and the expressions for their extra eigenfunctions can be found in
Example 3.12. Second, the same construction yields the existence of spherical met-
rics with arbitrary many extra eigenfunctions and Section 4.4 contains an algorithm
designed to find such metrics.

Finally, we remark that the techniques to study harmonic maps developed
in [Eji98, Kot97, MR91, Nay93| have proved to be extremely useful in the study of
sharp isoperimetric eigenvalue inequalities, where the 2-eigenfunctions of A, also
play a special role. We refer to the papers [Kar21l, KNPP17,NS19] for applications
to several long-standing conjectures.

Organization of the paper. This paper is organized as follows. In §2 we review
the geometry of spherical conical metrics and existing results on the related spectral
theory problems. In §3 we prove the equivalence condition in Theorem 3.6 and
discuss an explicit example. In §4 we connect the existence of extra eigenfunctions
with the deformation of harmonic maps to prove Theorem 4.15 and give another
construction that produces an arbitrarily large number of eigenfunctions.

2. SPHERICAL CONICAL METRICS

In this section we give a brief review of the geometry of spherical conical metrics
and its spectral behavior; for more details we refer to [BDMM11, Ere21, MZ19,
MP19] and the reference therein. Let ¥ be a compact Riemann surface, E =
(B1,..-,0k) € Ri a k-tuple and p = {p1,...,pr} a set of k distinct points on 3,
a spherical conical metric g with conical data (3, B', p) is a constant curvature one
metric on the punctured surface

(1) Zp =S\ {p1,.. o}
with conical singularities at each p; with angle 273;. Here a conical singularity
means that there exists a conformal coordinate centered at p; such that locally
the metric is given by g = e**|dz|* where u — (8; — 1) log |2| extends to z = 0
continuously.

Spherical conical metrics can be identified with solutions to the singular Liouville
equation:

(2) Agou—e* + Ky =0,

where the A,y is the Laplace-Beltrami operator in the Friedrichs extension for
a model metric go. Here the Friedrichs extension is the self-adjoint extension of
Ay, from compactly supported smooth functions on the punctured surface ¥, to
bounded functions on ¥ (see [MZ20, Definition 4] for more details). The existence
and uniqueness of solutions to the above equation does not always hold. To un-
derstand these solutions and corresponding metrics from the deformation point of
view, in [MZ19] the second author and collaborator studied the linearization of this
nonlinear equation, given by the following operator

Ay —2,

where ¢ is a spherical conical metric that one would like to perturb. Using tech-
niques developed in [MZ20] it was shown that the local perturbation theory around
a spherical metric g is closely related to the kernel of the linear operator above.
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In particular, the dimension of the kernel and the local expansion of these eigen-
functions determines the obstruction of the local deformation (cf. [MZ19, Theorem
4]). This provides the motivation for us to identify all these eigenfunctions, as the
spherical conical metrics with those eigenfunctions are where the singularities of
the moduli space occur.

One of the first understanding towards this direction was through the study of a
special class of spherical conical metrics called reducible metrics. Such metrics are
defined by the monodromy of their developing maps. Here we briefly recall the def-
inition. For any spherical conical metric g, there exists a multivalued meromorphic
function

called a developing map of g, defined by the following three conditions (cf.
[CWWX15, Lemma 2.1 and Lemma 3.1]):

(1) (Pullback) Denote the standard metric on the sphere by gs; = %

w € C, then the metric ¢ is given by the pullback by f, i.e. g = f*gs on
Yp;
(2) (Monodromy) The monodromy of f is contained in PSU(2);

(3) (Angle) Near each p;, the principal singular term of the Schwarzian deriv-
2

ative of f is given by %

for

We note here that for a given spherical conical metric, its developing map is not
unique, and all such maps are related by Mobius transformations in PSU(2). For a
given metric, the monodromy of all its developing maps are contained in the same
conjugacy class of PSU(2).

Definition 2.1. A spherical conical metric g is called reducible if there exists a
developing map with monodromy in U(1). The metric g is called trivially reducible
if the monodromy of its developing map is trivial.

Let us now clarify the discussion before Definition 1.1 and show how to obtain
2-eigenfunctions from a developing map. Recall the definition of harmonic maps
which will be used later.

Definition 2.2. Let ¢ : (M, g) — (I, k) be a smooth map between two manifolds.
We say ¢ is a harmonic map if it is a critical point for the energy

1
) /M |do|g,ndvy.

When the target (N, h) is the unit sphere S™, a standard computation shows
that ¢ is harmonic if and only if

Ag¢ = |dg]5¢.
If in addition M is a surface, one can let g4 = %\dqﬁ@g then by the conformal
invariance of Laplacian we have
Ag¢¢ = 2¢5

that is, ¢ is a 2-eigenfunction for metric g4. Now we connect this to the developing
maps of a spherical metric.
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Let f be a developing map viewed as a multivalued meromorphic function on 3.
Applying stereographic projection, we can identify f with a multivalued harmonic
map ¢: X, — S? C R? defined as

1

(3) ¢ = W@?Rﬂ 2381, 1> = 1)
The induced metric g = g4 is given by
Alf'7 2
ULV
and the Laplace-Beltrami operator is given by
(If1? +1)?
Agu = —Wuzg.

Write the harmonic map as ¢ = (¢1, d2, ¢3), then the three (potentially multival-
ued) components ¢; satisfy (A — 2)¢; = 0 pointwise for j =1,2,3.
We also remark that

2 fl 2
|¢Z|2 = ‘2 | PR
(If7+1)
Hence the following relation is true and will be used later
(4) Agu=2u & u= —us /||

If the metric is reducible, then there is at least one point s € S? such that it is
fixed by the monodromy group. As a result the inner product (¢, s) is invariant
under the monodromy group and is a well-defined bounded function on X, i. e. it
is in the domain of the Friedrichs extension. This observation was made in [XZ19].
If the metric is trivially reducible, then (¢, s) is well defined for any s € S2, hence
the components give three-dimensional space of eigenfunctions.

Remark 2.3. Even through a priori none of the three components of ¢ need to be
single-valued for a conical metric g, the following is true: if there exists s € S? such
that (¢, s) is a single-valued function on g, then g is reducible and s is a fixed point
of the monodromy.

Remark 2.4. Under the identification (3), there will be two kinds of monodromy
groups used in this paper: PSU(2) acting on C for the developing map f, and SO(3)
acting on S? C R3 for the harmonic map ¢. The action of PSU(2) and SO(3) are
related by the classical identification, i.e. su(2) = R?® through the basis of Pauli
matrices

(5) [(1) éH? Bﬂé —OJ

and PSU(2) acts on z € su(2) via conjugation which is indeed an orthogonal trans-
formation. Specifically, for any A € PSU(2) written as

A= {_aﬁ ﬂ laf* + 18] =1,
it acts on f: %, — C as
Af = I F6
-Bf+a
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The corresponding monodromy of a harmonic map ¢ is given by
2R f
A 23 f ,
|2 -1

1

A=

where the matrix A is
R(a? - 5%)  S(e?+5%)  —2R(ap)
(6) A=|-S(*-5%) R*+p5%)  23(af) | €S0(3),
2R(ap) 23(ap)  |a? — |57

which is exactly the classical identification with A € PSU(2). For more explanations
related to spherical conical metrics, see for example [MP16, Section 2|. In this paper
we use these two monodromy groups interchangeably.

In the rest of the paper we are interested in the following question: are there
any other eigenfunctions with eigenvalue 2 besides those ones given by the form of
(¢, s) or in the language of Definition 1.1, are there any extra eigenfunctions?

3. EXTRA EIGENFUNCTIONS

In this section we are going to use tools from harmonic maps to study extra
eigenfunctions. Suppose a metric g has an extra eigenfunction, i.e. there exists a
single-valued function u in the Friedrichs domain with u € ker(A —2)\ {(¢,s) : s €
S?}. To any such u we associate a multivalued map X : Yp — R3 as follows

(7) X = up+ ﬁ(umg +uzey),

where ¢ is the multivalued harmonic map defined in (3) and X, is defined as (1).

Proposition 3.1. Ifu is an extra eigenfunction and the multivalued map X : 3, —
R3 is defined by (7), then X satisfies the following properties:

(1) X is non-constant;

(2) X is a conformal harmonic map, i.e. a (multivalued) branched minimal
Tmmersion;

(3) ¢ is the Gauss map of X;

(4) The monodromy groups of X and ¢ coincide, i.e the support function (X, )
is well-defined on X,. Moreover, the support function extends to a bounded
function on X.

Remark 3.2. If the developing map f is a rational function i.e. the metric g is
induced by a branched cover of S?, then the property (4) is usually formulated as
“X has flat ends”, which means that X has a well-defined tangent plane at infinity
for each end of X.

The proof of this proposition is almost identical to [MR91, p.156]. We present
it here for completeness.

Proof. Let (-,-) denote the pointwise C-bilinear inner product on C* and let (-, -)
be the usual Hermitian product. That is,

(z,w) = zw, {z,w) = 2w, Vz,w € C3.

Since ¢ is conformal, we have |¢[?> = 1 and

®) (62:0:) = § ((9:62) — (64:64)) — 2i(62, 64) = 0.
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Therefore

(62 6) = .10 =

®) (62, 6) = S0:10” =0
(¢, 0z) = (42, 0-) = 0.

In other words, the vectors {¢., ¢, ¢} form an orthogonal basis of C? in (-, ).
Since ¢ is a harmonic map, we also have

(10) ¢Zz = _|¢z|2¢'
Combining (8), (9) and (10) we obtain

(¢227 ¢) = _(¢Z7 ¢z) = 0; (¢zzy QSZ) = %(¢Z7 ¢z)z = 07
(¢zza¢2) = (¢zv¢2)z - (¢za¢fz) = 8z|¢z|2'

As a result

(11) ¢zz :az1n|¢z‘2¢z-

Therefore,

_ Pzz
(12) XZ‘“Z( w)*( |¢z|2>¢z

1 0: 1n|¢z|2)
( |92 |¢=]? i i

where
1
(13) F =0, (|¢Z2) = W(uu — 0. In|p.[*u.).

The first term in (12) vanishes because of (10), second term vanishes from (4), and
one can check the vanishing of the third term by a direct computation. Therefore,
we have
(14) X, =Fos.
In particular, by (11) F =0 if u = (¢, s).

The identity X, = F'¢; also implies that (X, X,) = F2(¢z,¢z) = 0, therefore
X is conformal. Additionally, X; = F¢., i.e. ¢ is the Gauss map of X.

Furthermore, from (11) we have ¢zz = F ¢, and together with (14) this implies
that X.; = G¢s where G = F, + F. At the same time, X,; is real, that is,
Gés = Gp,. However ¢; and ¢, are orthogonal in C3, therefore G = 0 and
ng = 0

If X = s € R® were constant, then since u = (X, ¢) one has u = (¢, s), which
contradicts the definition of the extra eigenfunction. ]

Proposition 3.3. Conversely, let X be a map satisfying properties (1)-(4). Then
the support function (X, ¢) is an extra eigenfunction.

Proof. The map ¢ is harmonic, i.e. ¢z, = —|¢.|?$. And ¢ is a Gauss map of X,
therefore (¢, X,) = (¢, Xz) = 0. Finally, X is harmonic, i.e. Xz, = 0. Using all
these, we have

0=(X.,0): = (Xoz,0) + (X2, 02) = (X2, 02);
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and

(15) (X, )z = ((Xz,0) + (X, 82)), = (X, ¢2):
= (X27¢2) + (X7 92522) = _|¢z|2(X7 ¢)

Hence by (4), the function u = (X, ¢) satisfies Agu = 2u. And since X is not
constant, u is an extra eigenfunction. O

Remark 3.4. One can reformulate the previous two propositions as follows: the
space of maps X satisfying the conditions (1)—(4) of Proposition 3.1 is canonically
isomorphic to the space of extra eigenfunctions.

The multivalued map X has different behaviour near a cone point depending on
whether the point is integer or not. First notice that for a spherical metric g, the
developing map f (and hence its stereographic projection ¢) can be extended over
a cone point with integer cone angle to be a single-valued meromorphic function
nearby (cf [CWWX15, Lemma 4.3]). Therefore, for a metric g with non-integer

cone points {p1,...,p;} and integer cone points {p,11,...,px}, it is convenient to
introduce another notation of punctured surface (different from (1))
(16) Y=Y\ {p1,...,p;}-

From the discussion above, f and ¢ can be viewed as multivalued maps on ¥*, and
their monodromy in PSU(2) and SO(3) are defined correspondingly.

We next use Weierstrass representation to reformulate the criterion of Propo-
sitions 3.1 and 3.3. Define $* as the universal cover of the punctured surface 3*
which is defined in (16), and fix a base point zg € S*. Recall that the Weierstrass
representation of a function X : £* — R3 is given by (see [Oss13] for example)

X = %%/(1 — A1+ ), 2f)w,

(1) X(2) = X(a0) + 3R [ (1= P+ )20,

where f : $* — C is the lift of a developing map of g (in other words, the Gauss
map viewed as a meromorphic function), w is a meromorphic 1-form on S* with
poles only at the preimages of integer cone points {p;11,...,pr} and such that Fw
is also meromorphic on S* with poles only at the preimages of {p,11,...,px}. The
quadratic differential defined as
o = wdf

is the holomorphic part of the second fundamental form [Oss13, formula (9.1)]. It is
metric invariant and, therefore, is a well-defined meromorphic quadratic differential
on ¥*. Alternatively, we can also show the invariance via the following computation:

4Ff,
= 2(0. Xy —i0.Xy)dz = ——2_d
@ = 200 10X = Ty
2
Uzwdf=2(uzz—uza|z¢¢22| )d22

and we can see that ) _
8Z|¢Z‘ — fZZ _ 2ffZ
|p-|? f= 1+|f?
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is left invariant under the PSU(2)-monodromy of f. Hence o is well defined on ¥*.

Remark 3.5. We would like to thank the referee for pointing out the above compu-
tation.

Let ¢ : I R?:be the lift of ¢. Theorem 3.6 gives the necessary and sufficient
conditions for (X, ¢) to descend to a (bounded) 2-eigenfunction on X.

Theorem 3.6. Let g be a spherical conical metric, and let f : S* — C be the lift of
one of its developing maps. Then g has an extra eigenfunction if and only if there
exists a nonzero meromorphic one-form w on X* such that

(a) the meromorphic forms w, f?w have poles only at the preimages of integer
cone points {p;j41,...,Dr};

(b) the function X defined in (17) satisfies the following condition for any non-
trivial loop v on Xy:

1 zo+vy
(18) SR [ 20 )20 = (4, - DX (o)

where A, is the SO(3) monodromy matriz of .

(c) the quadratic differential o := wdf is single-valued on * and extends to a
meromorphic quadratic differential on ¥ with at most a simple pole at any
cone point p;, 1 =1,...,k.

Proof. By Propositions 3.1 and 3.3, we only need to show that conditions (a)—(c)
are satisfied if and only if there is a function X : $* — R3 that satisfies properties
(1)—(4) listed in Proposition 3.1.

We first prove that if there exists such an w then the function X constructed via
the Weierstrass representation (17) satisfies (1)—(4). Such X is non-constant unless
w = 0. Since f and w is meromorphic we have X,; = 0, and the location of poles
implies that X is a multivalued conformal harmonic map on 3,. By construction
¢ is the Gauss map of X. Therefore X satisfies conditions (1)-(3).

Now we check X satisfies condition (4). We need to show that X, when viewed as
a multivalued function on X, has the same monodromy as ¢, therefore (X, g?)) isa
well-defined function on ;. Recall that o is a well-defined meromorphic differential
on ¥ (i.e. with trivial monodromy), hence the (1, 0)-differentials w and df have the
opposite monodromy. On the other hand, the metric g is well-defined on ¥*, hence
has trivial monodromy. Recall g is defined as the pullback by f:

_AldfP

P+

Therefore df and % have the opposite monodromy, where

R T
B+ 12~ (fP 12

is a (0, 1)-differential. Combining the two statements above, we get that w and

% have the same monodromy. We then consider the monodromy of X and
¢. Consider the R3-valued meromorphic differential 0X
1

0X = Jw (1= )i+ f%).2f)
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and the R3-valued (0, 1)-differential ¢

df 2 - 2

—— (1= f2),i(1+ f°),2f).

T e (= i+ 7),2)

Comparing the two expressions we have that 9X and 0¢ have the same monodromy.
Since the monodromy of ¢ belongs to SO(3), integration implies 0X has the same
monodromy as ¢. At the time, the monodromy of X itself is not necessarily in
SO(3), therefore, it could have a translation component. Let « be the lift of any

¢ =

homotopically non-trivial loop on ¥* to S* with base point zg. Then we have
(19) X(z0+7) = A, X (x0) + By,

where A, is the monodromy matrix for ¢ and B, € R3. To ensure that B, =0 we
need to have

1 zo+ 5 )
A X (o) = X(e047) = XCo) + 3R [ (1= i1+ 12),26)0,

which is exactly (18).

Finally we need to show that (X, ) extends to a bounded function (X,¢) on
Y. We now show that, if o has at most a simple pole at each cone point p;, then
the support function (X, ¢) will be bounded. Away from cone points all functions
are bounded, so the support function is bounded. So we restrict to a neighborhood
of a cone point p; with angle 2m(ov + 1). Since (X, ¢) is well-defined on 3,, we
can take any local representative of X and ¢ for the computation. By [CWWX15]
it is possible to take a local coordinate such that the developing map is given by
f(z) = 2%t Then locally

(2

X — _% 22042 (] 4 J2042) 9 at]
/ e ) ) (v + 1)z%dz

(20) ’
_ —a _ o422 s —« a+2 e
=5t 1)8‘%/(2 207527+ 2 ),2z)dz.

Since lim,_,,, f(z) = 0, one has lim,_,,. ¢(z) = (0,0,1). Therefore, in order to
have a bounded function u = (X, ¢), the last coordinate of X has to be bounded.
And this is true if o has a pole of order at most 1 at p;. Combining everything
above we showed that condition (a)—(c) is sufficient for the existence of an extra
eigenfunction.

We now show the other direction of the theorem, that if there is an extra eigen-
function then there exists a meromorphic one-form w that satisfies condition (a)—(c).
By Proposition 3.1 we can construct a multivalued function X on ¥, via (7) which
satisfied condition (1)-(4). Denote X : Zp — R? to be the lift of X. Since X (hence
X ) is conformal harmonic, there exists a Weierstrass representation given by (17)
with w being a meromorphic one-form on $*. Since X has the same monodromy
as ¢, it is straightforward that (18) holds. By the same computation as above,
(X, ¢) is bounded on X if and only if o has at most simple poles at any cone point.
Together this implies that w satisfies condition (a)—(c). O

We remark that condition (b) stated in the theorem must hold for any closed
curve v on X,. In particular, if A, = 1, then there is no condition on X(zg), but
the integral on the left hand side of (18) must be zero.
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Proposition 3.7. If v is the path around a cone point p; with integer cone angle,
then (18) holds if and only if Resy, 7 = 0.

Proof. We can see that the integral of z2~%¢/dz along + vanishes in the first two
terms in the local expansion of X in (20) and the third term is 0 if and only if
Resp, g7 = 0. O

On the other hand, if A, # 1, then (18) gives a particular choice of the “initial
value” X (zg). Moreover, if there are two paths v # 4 with non-trivial monodromy;,
then (18) yields a compatibility condition, i.e. there has to be an initial value that
works for all such paths simultaneously.

As the first application of the theorem above, we have the following observation:

Corollary 3.8. There are no extra eigenfunctions for spherical conical metrics on
S? with at most three conical points.

Proof. The meromorphic quadratic differential o has at most simple poles at cone
points. However by Riemann—Roch Theorem, a meromorphic quadratic differential
on S? should have at least four such points with at most simple poles. O

Remark 3.9. From the existing results [Tro89, Ere04, UY00], it was conjectured
that any irreducible spherical metrics on S? with two or three conical metrics has
no eigenfunction with eigenvalue 2. Our result gives a proof of this conjecture.

In practice, condition (18) is difficult to verify. However, if there are only a few
non-integer points, then Proposition 3.7 makes it more manageable. Indeed, it is
sufficient to check (18) for generators of w1 (%,), e.g. for simple loops around all but
one cone points. There are no conical metrics on S? with a single non-integer point,
see e.g. [Tro89, MP16]. On the other hand, if X is S?, there are exactly 2 non-integer
points, and the condition of Proposition 3.7 is satisfied for all integer points, then
we only need to look for the right choice of X (zg) for (18) to be satisfied. This
allows to explicitly find developing maps admitting extra eigenfunctions.

Remark 3.10. In the case that there are exactly two non-integer points and ¥* =
C\ {0}, we have the following fact. If f(-) : £* — C is a developing map that gives
a metric with extra eigenfunctions, then for any A € C\ {0}, f(A-) and Af(:) are
developing maps for metrics with extra eigenfunctions as well. For f(X-), it is just
a reparametrization of the same metric, and w(A-) would be the corresponding one-
form that satisfies all the conditions. For Af(-), the same w for f(-) would satisfy all
the conditions; however it generates a different metric and different eigenfunctions.

Example 3.11. Let ¥ = S? ~ C. We would like to find a reducible metric g with
two non-integer points 0,00 such that g has extra eigenfunctions. Its developing
map f on ¥* = C\ {0} is of the form

az+b

fle) = Ve

If g admits extra eigenfunctions, then the reducible metrics with developing maps
Af(z) and f(Az), A € C\ {0} do as well, thus it is sufficient to set

2+ (0+1) - b
1) =V \/_<1+z—|—1>’
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where b # 0. The corresponding metric g has two non-integer cone points at 0, 0o
both with cone angle 7. One has

b—-2)z+(b+1)
2y/z(z+1)2 ’
thus, the metric g also has two integer cone points with angle 47 at

2y = %(b—Zj: b(b—8)).

Thus, one can additionally assume b # 8. Otherwise there are only 3 cone points
and by Corollary 3.8 the map f does not admit extra eigenfunctions.
The meromorphic quadratic differential o has a simple pole at each cone point of
g. There are 4 such points and by Riemann-Roch, the space of such meromorphic
quadratic differentials is one-dimensional, therefore,
B A
o222 - (b—=2)2+ (b+1))
We aim to find b # 0,8 such that the condition of Proposition 3.7 is satisfied, i.e.
that Res,—,, g—f = 0. The explicit computation shows that

o AMze +1)
Res,—,, — = — b—4)(b£ /b(b—28)).
i 00 VAG9)

Since zx # —1 for b # 0 one has b = 4. Therefore,

f<z>=ﬁjjf

22—
f(z) =

dz?.

admits extra eigenfunctions.

In terms of geometric configuration, this metric is realized by gluing three foot-
balls; see Figure 1. Note that this cone angle combination, by [MP16], can only be
realized by reducible metrics.

27 (smooth point)

47

s
27 (smooth point)

FIGURE 1. The reducible conical metric given by the developing
map f(z) = \/Ezﬁ It can be obtained by gluing three spherical
footballs of angle 7, and has four conical points with angle

m,m, 4w, 4.
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Let us make two remarks about this example. First, one could do a similar

computation with f(z) = 2 ‘Clzzis, 0 < B < 1. Second, one could use the formula

(X, ¢7) to find the explicit formula for the extra eigenfunctions, but that would
involve integration by (17). We do not do these computations, because the next
section contains a different construction which is more suitable for calculations.
In particular, the formula for extra eigenfunctions is purely algebraic, and can be
obtained below.

Example 3.12. We show in Section 4.3 that for any 5 > 0, k > 3, k € Z, the
following developing map

sk=p)2F = (k+5)
zF+1

f==z

gives a spherical conical metric which has 2 extra eigenfunctions.
One can check that there are two extra eigenfunctions, given by real and imagi-
nary parts of the function hq/hs, where

(21) hy = (]2 + 28 - 28 — 1)
+ 227 ((k + 8)% = (K = 8%)2" + (K — 87)2" — (k = §)*|2*")

and

(22) ho = (J2*F + 28 + 2% +1)
+ PP ((k+8)? = (K = B2)28 — (12 = 522" + (k = B)*|=[).

It follows from a standard lengthy computation, which can be done using a com-
puter, that indeed the above expressions give two extra eigenfunctions.

Finally, we remark that for § € Z it was previously known that f has extra
eigenfunctions; see e.g. [Eji94, formula (4.2)].

4. DEFORMATIONS OF HARMONIC MAPS

In this section we take a different point of view on constructing metrics with
extra eigenfunctions. Recall that for maps constructed in Section 3 the formula for
extra eigenfunctions involves integration. This could cause difficulties if one tries to
compute the eigenfunctions explicitly. The advantage of the method described in
the present section is that the formula for extra eigenfunctions is purely algebraic.
In order to explain the main idea let us assume for a moment that all angles are
integer. Note that if ¥ = S? then the developing map f is a branched covering
Y — S2.

Let go be a fixed metric on 3 and [go] is the corresponding conformal class of
metrics. Recall that a map ®: (X, [go]) — S™ is harmonic iff

Ag® = |dO|2D

for any metric g conformal to go, where |d®|2 = S |d®*|2. By conformal covari-

ance of A, the components ® are eigenfunctions of Ay, with eigenvalue 2, where
ge = %\d@\gg. The metric g¢ has conical singularities of integer angles at points
where d® vanishes. It is well-known that all such harmonic maps are (weakly)
conformal, i.e. gop = P*ggn.
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Definition 4.1. We will call a smooth map ®: ¥ — S™ linearly full if its image
linearly spans R"** or, equivalently, if the coordinate functions ®¢ form an (n+1)-
dimensional space of functions on X.

We now explain the connection to conical spherical metrics with extra eigenfunc-
tions. Suppose that one has a smooth family ®; of harmonic maps ®;: ¥ — S"
such that

(1) For t # 0 the map ®; is linearly full;

(2) Fort = 0 the map ¢ = @ is a branched covering over an equatorial S C S".
Then g, is a spherical conical metric with extra eigenfunctions. Indeed, for ¢ # 0 one
has ker(A,,, —2) > n+1. Therefore, by continuity of eigenvalues [CKM19, Lemma
4.5] the same is true for gg, i.e. ker(A,, —2) =n+ 1.

The construction of such families ®; has been studied, see for example [Eji98,
Kot97]. Below we describe this construction in detail and adapt it to the setting
of multivalued harmonic maps in order to obtain examples of conical metrics with
extra eigenfunctions and non-integer angles.

4.1. Single valued totally isotropic harmonic maps to S?™. In this section
we briefly describe a construction of the particular class of harmonic maps from
surfaces to S?™, called totally isotropic. Recall that a subspace L of C>™*! is called
isotropic if L | L with respect to the usual Hermitian product. Equivalently, this
means the C-bilinear inner product (-, -) is identically 0 on L.

Definition 4.2. A harmonic map ®: ¥ — S?™ is called totally isotropic if, for any
point p € M, the space

(p) := spanc{®:(p), 2::(p), ..., 8" (p)}
is isotropic.
Remark 4.3. All harmonic maps S? — S™ are totally isotropic (see [Cal67]), so this
construction completely describes such maps.

Totally isotropic maps can be constructed using complex geometry via the so-
called twistor correspondence which can be seen as an extension of the fact that all
harmonic maps S? — S? are holomorphic.

Definition 4.4. We define the twistor space H,, to be the space of isotropic m-
planes in C2m+1,

The space H,, is a complex submanifold of the complex Grassmanian
Grm am+1(C), thus H,, is Kdhler. We then define the twistor projection

T Hm — S
L— (Le L)+

for an appropriate choice of orientation on S?™, where (L @ L)+ is viewed as a
real subspace of C2™*! hence its orthogonal complement is well-defined on S?™.
See [Bar75, Proposition 3.7] for more details.

The vertical distribution on H.,, is given by ker dr,,, and horizontal distribution
is given by (ker drm,,)*. The map 7, is a Riemannian submersion, i.e. it preserves
the length of horizontal vectors.

Definition 4.5. A smooth map from a manifold ¥ to H,, is called horizontal if
the image of the differential is inside the horizontal distribution.
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Proposition 4.6 (Twistor correspondence, see e.g. [Bar75]). Let ¥ be a Riemann
surface and ®: X — S*™ be a linearly full totally isotropic harmonic map. Then
outside of a collection of isolated points the map ¥ from Definition 4.2 defines a
horizontal holomorphic map to H,,. Furthermore, ¥ can be extended across these
isolated points to yield a horizontal holomorphic map V: ¥ — H,,. Conversely, if
W: Y — H,y, is a holomorphic horizontal map, then ® = m,, oV is a harmonic map
to S>™. The map VU is called a twistor lift of ®.

Remark 4.7. Let m = 1. Then by the third equality in (9) any conformal harmonic
map ¢ to S? is totally isotropic. In notation of Section 2 the twistor lift can be
identified with the function f.

Let us also recall another object associated with a map ® and its twistor lift ¥,
called directriz of ®.

Definition 4.8. Let &: ¥ — S?™ be a linearly full totally isotropic harmonic map.
Then the directriz of ® is a holomorphic map Z: ¥ — CP*™ such that outside of a
collection of isolated points

\Ij = Spanc{f, gza cee 7££m—1)}’
where ¢ is any local lift of = to C2™*1,

For a given linearly full totally isotropic harmonic map, an explicit construc-
tion of the directrix E is given in [Bar75]. Conversely, given a holomorphic map
Z: ¥ — CP?™ such that outside of a collection of isolated points the map ¥ =
spanc{&, &z, .- -y 2’”‘”} has its image in H,,, the map ¥ can be extended to a
horizontal holomorphic map, so that = is a directrix curve of ® = m,, o ¥. The
directrix is often used in order to provide examples of totally isotropic maps, since
it is usually easier to construct a map to CP™ rather than a map to H,,. We will
use this below in Section 4.3.

We now recall the construction of extra eigenfunctions in the case of linearly
full totally isotropic harmonic maps. There is a natural holomorphic action of
SO(2m + 1,C) on H,, that preserves horizontal distributions. This induces an
action on totally isotropic harmonic maps: if A € SO(2m +1,C) and ® = 7, 0 U,
then AW is a holomorphic horizontal map, so one can define A® := 7, 0o AV. One
then has the following:

Theorem 4.9 (Ejiri [Eji98], Kotani [Kot97]). Let ®: (3,g) — S?™, m > 1 be a
linearly full totally isotropic harmonic map. Then there exists a one-parameter
subgroup Ay C SO(2m + 1,C) such that Ay® — P in C topology, where
Oo: (X, 9) — S*™ is totally isotropic, but not linearly full, i.e. its image is con-
tained in a proper totally geodesic subsphere 827"/, m' < m. If in addition m' =1,
then the metric go_. has 2(m —m’) extra eigenfunctions.

We provide the sketch of a proof, similar considerations are used later in the
context of conical metrics with non-integer angles.

Sketch of the proof. Let {eg,e1,...,eam} C R2™+1 C C?™+1 be a real orthonormal
basis. We then define E; = %(62]‘,1 — tegj), j = 1,...,m. Then the basis
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{eo, E1, Er,. .. Ep, B} satisfies
(Ej, B) =0, (Ej, Ex) = djk, (eo, Ej) = (0, Ej) =0,

where (+,-) is the C-bilinear inner product.
Let A; € SO(2m + 1,C) be a family of orthogonal transformations given by

AEy = €e'Ey, AyE1 = e 'Ey, Ay =id on spanc{E}, El}J‘.

Recall that A; acts on H,,. One can show that the fixed point set of A; on H,,
consists of two components

.7:+:{E1@L/}, ]:,:{ElEBL/},

where L' is an (m — 1)-dimensional isotropic subspace in spanc{FE;, E1}*. The
space of all such L’ can be identified with H,,_1 and the twistor projection m,,
sends these fixed point sets to the subsphere S2(™m~1D = §2™ N spang{e;,es}t.
Furthermore, for any L € H,, \ F- one has A;L — L, € F4 as t — +00; and
vice versa, for any L € H,, \ Fy one has A, L — L_, € F_ as t — —oo. These
facts can be proved either by a direct computation or by noticing that A; is the
gradient flow of a Morse-Bott function (see e.g. [GO93]).

Given a linearly full totally isotropic harmonic map ®: (X, g) — S?™ with the
twistor lift ¥, we assume that ¥(X) C H,, \ F4 or ¥(X) C H,, \ F—. Then A, ¥
as t — +oo or t — —oo respectively converges to a holomorphic horizontal map
Uy, C Fy, such that &, = 7, o U, is not linearly full.

Notice that the sets F, F_ depend on the choice of the basis {e;}?™. We show
that for any linearly full totally isotropic harmonic map @, one can choose the basis,
so that ¥(X) avoids F. This is achieved by dimension counting. The image ¥(X)
intersects F iff there is a point « € ¥ such that the line C(e; — iez) is a subspace
in ¥(z). Let A= {l € CP*", ] C ¥(z)|z € X} be a set of isotropic lines contained
in U(X). It is a complex variety of (complex) dimension at most m. At the same
time, any isotropic line is spanned by a vector of the form f; +ifs, where f1 L fo,
/1]l = |lf2]| = 1 are real vectors. Therefore f1, fo can be chosen to be a part of a
real orthonormal basis. The set of all isotropic lines is a smooth quadric in CP*™,
i.e. it has (complex) dimension 2m — 1. Since 2m — 1 > m for m > 1 the proof is
complete. O

Theorem 4.9 allows one to construct spherical conical metrics g, with integer
angles and arbitrary many extra eigenfunctions [Eji98]. The argument in [Eji98]
is inductive. Starting with a linearly full map ®: (3,g) — S?™ one first applies
Theorem 4.9 to obtain a linearly full map ®,: (X,9) — S?™' m! < m, with extra
eigenfunctions. Then one applies Theorem 4.9 to ®, again and again until one
arrives at a map to S2. In this approach it is necessary to track how the action of
SO(2m+1,C) affects the extra eigenfunctions to show that they do not completely
disappear after each step.

In fact, it is possible to simplify this argument by completely avoiding the latter
issue. It is sufficient to construct a one-parameter subgroup A; in the proof of
Theorem 4.9 in a way that ensures m’ = 1. We sketch the argument below. Let
{eo, E1, ..., En} be the vectors given above. Let A; be given by

AtE] :e_tEj7 AtEj :etEj, ]: 1,'_',m_1
Ay = id on spang{eq, By, B}
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Denote L{, = spanc{E1, ..., Fy_1} as the e '-eigenspace of A;. Then one observes
that if L € H,, satisfies L N L{ = {0}, then as t — +oo
AL — Ly,

where [ is an isotropic line in spanc{eg, E, En}. The twistor projection 7, sends
such planes into S? = spang{eg, €241, €2m } N S?™. Thus, it is sufficient to choose
the vectors F; such that Vp € &, ¥(p) N L = {0}. This can be achieved by dimen-
sion counting similar to the proof of Theorem 4.9. The space of (m —1)-dimensional

isotropic planes is a complex manifold of (complex) dimension W. At the
same time,

A={L|L'N¥(p) # {0}, pe s,

L' is an (m — 1)-dimensional isotropic plane}

is a variety of dimension 1+ (m — 1) + (m71)2+§(m71)74 = m2+gm_6 < m2+§m_4,
which completes the argument.

Let us discuss the extra eigenfunctions of such maps, following [Kot97, Ejiog].
Given a linearly full totally isotropic map ®: (X, g) — S*™, m > 1 and its twistor
lift ¥: ¥ — H,,, let L’ be an isotropic (m — 1)-plane such that Vp € ¥ one has
U(p) N L' = {0}. Choose a basis Ei,...E,_1 of L' such that (Ex, E;) = 0y;.
Let e1,es,e3 be a real orthonormal basis of V = (L' @ L')*. Using the Pliicker

coordinates on H,, C Grp 2m+1(C) one can find a basis of ¥(z) of the form
(23) Fj(2) = E; + Gj(2) +uj(2), j=1,...,m — L
Fn(2) = w(2) + um(2),

where w,G;: ¥ =V, uj: ¥ — L’ are meromorphic.

We claim that Cw is a twistor lift of ®,, and, as a result, the classical formula
for the stereographic projection implies that the developing map f(z) (which is @
viewed as a map to C) can be found using the formula

w’(2)

(24) f(z) = wl(2) = (3)”
Furthermore, the functions
(25) hj(z) = (G;(2), Pos)

are the complex valued extra eigenfunctions.

To prove these claims, we compute the first two terms in the asymptotic expan-
sion for ¢, as t — oo. It is sufficient to do that on the set of points p € 3, where
ord,F;(z) = 0, i.e. p is neither pole nor a zero of F;. We compute,

m m—1 m—1
Pt = /\ AtF] = e(m_l)t /\ Ej A w + e(m_2)t /\ Ej A\ Um,
j=1 j=1 j=1

m—1 m—1
+ em=2 (—=1)*G A /\ E; | Aw + lower order terms.
k=1 =1, j#k

The map ®; can be found as a unit real vector in the space (U, @ Uy)* or,
equivalently, in *(P; A P,), where * is the Hodge star on C?"*!. Note that
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E; = %(e’zj_1 — ieéj) for some orthonormal basis {e},...,eb, o} of L', there-
fore, E; NE; = iey; 4 A\ eh;. To simplify the formulas, in the following calculations
we ignore the signs coming from changing the terms in wedge product and the pow-
ers of i coming from the relation E; A Ej = ieg;_q /\ep;. One can easily check that
these factors do not change the conclusion of the argument. With this convention,
the leading term in P, A P, is

2m—2
e2m—1)t /\ e | ANwAw.
j=1
Thus, the leading term of *(P; A P;) is parallel to the orthogonal complement of
Span{w, w} in C3, which implies that Cw is the twistor lift of ®... Set *(w Aw) =
AP, where * is the Hodge star in C3. The second term in P, A Pt is

2m—2
(2m—3)t /\ i | A (w At + U A )+
j=1

j m
e(2m—3)tz /\ E;NE; | ANM(Ex AGr + Ex AGr) Aw A w.
k=1 \y=1,j#k

The Hodge star of the first summand is a vector contained in C3. Since the image
of G; is in C?, one computes that the Hodge star of the second summand is equal
to

m—
e2m=3)t Z G, B0 Ej + (G, 800 E;.
j=1

Putting these computations together, one has that (¥; @ ¥;)* is spanned by the
vector of the form

P +etvtet Z (Gj, ®)Ej + (Gj, P ) E; + lower order terms,

where v € C3. Since @, L E;, Ej, one has that
(®4, E;) = e 'h; + lower order terms.

Thus, we see that h; is the leading order term for one of the coordinates of ®;. In
particular, one has

0:0:h; = lim 0,0:¢" (¥4, E;) = — lim "0, 0, *(®4, Ej) = —|0.P oo |*hy,
—00 — 00
which completes the proof that h; are extra eigenfunctions.

Remark 4.10. Let us remark on the relation between this construction of extra
eigenfunction and the one discussed in Section 3. It is shown in [Eji98, Kot97] that
the real and imaginary parts of G; are compete minimal immersions with flat ends
in R3 in the sense of Remark 3.2 and their Gauss map is ®,,. Combined with
Proposition 3.3, this gives another justification for the formula (25).

Example 4.11. Let ¥ = S? viewed as C. Then it is easy to check that the curve
Z: S - CP*™ with the lift £(z) given by

1 2 -
&(z) = EEl - ngg + 220+ 22Ey + 1B,
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is a directrix curve. Thus ¥(z) = span{&(z),¢’'(2)} is a holomorphic horizontal map
to Ha, where

£(z) = %E —% Eo + 2%ey + 2°Ey + 2*Ex;
¢ (z) = —2E5 + 2zeg + 32°Ey + 423 Fy.
00

One has ¥(0) = E; @ Ey and ¥(cc) = ¥(0), therefore, one cannot choose L’ to be
spanned by any of the elements of the basis. Thus, it is convenient to do a change
of basis, e.g.

B = - 3(EB — Ey),
B = %( 1— E1),
ey = T(E/ + EY}),
and pick L' = CE;. Using the formulae (23), (24), (25) together one obtains that
22+ 1
fe)=25—%
RV

is the developing map of ®,,. Up to transformations in Remark 3.10 we recover
the case g =1, k = 2 of Example 3.12.

In Example 4.19 we generalize this approach to the case of metrics with non-
integer angles.

4.2. Multivalued totally isotropic harmonic maps to S?". As before, let
=Y\ {p1,...,px} and let * be its universal cover.

Definition 4.12. A multivalued map ®: ¥* — S?™ is called conical totally isotropic
harmonic (or CTIHMM) if

(1) the lift $: Y S isa totally isotropic harmonic map;

(2) the monodromy of ® is contained in SO(2m + 1, R);

(3) the metric go extends to a metric with conical singularities on X. That is,
near any p; one has a local expression

|d®[3(2) = |p(2)[?]=* Y,
where z is a coordinate centered at p;, p(z) # 0 and a; > 0.

Remark 4.13. The energy density |d<1>|§ is a well-defined function on ¥* by item
(2), therefore it is valid to discuss its local expressions near any punctures.

Since the proof of Proposition 4.6 is purely local, any CTIHMM &: ¥* — S?™
defines a horizontal holomorphic multivalued twistor lift W: ¥* — #,, with the
same monodromy representation. The latter can be seen directly from the explicit
formula for ¥ given in Definition 4.2.

We are now ready to study the action of SO(2m+1,C) on CTIHMMs. Let ® be a
linearly full CTTHMM and ¥ be the corresponding twistor lift. If A € SO(2m+1,C)
and M is the monodromy group of ¥, then the monodromy group of AV is given by
AM A~ In particular, we already see the difference with the situation described in
Section 4.1, namely, the twistor projection m,, o AV is not necessarily a CTTHMM.
The necessary condition is that AMA~! C SO(2m + 1,R) € SO(2m + 1,C). It
turns out that this condition is also sufficient.
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Proposition 4.14. Let ® be a linearly full CTIHMM with monodromy group M
and U be the corresponding twistor lift. Then for any A € SO(2m+ 1,C) satisfying
AMA=Y € SO(2m + 1,R) C SO(2m + 1,C), the map my o AV is a linearly full
CTIHMM with the same conical singularities.

Proof. One needs only to check that the item (3) of Definition 4.12 is satisfied for
AW. To do that we recall the following facts for H,,.

Since Hy, C Grim2m+1(C) is a complex submanifold of a Kéhler manifold, a
metric on H,, is given by the restriction of the metric on Gry, 2m+1(C) and can

be described in the following way. The holomorphic tangent space TS’O)Hm can
be identified with a subspace of homc¢ (L, LY). The metric on this space is the
usual (X,Y) :=tr(X*Y), so that the length of a tangent vector coincides with the
Hilbert-Schmidt norm of the corresponding operator.

Let X € Tjgl’o)’;’-lm C homg¢(L, L*), A € SO(2m + 1,C). We denote by A, the
differential of the action of A on H,,, i.e. A, X € TSL’O)Hm C homc(AL, (AL)Y).
Then one has that A,X = n5; AXA~! where 77, is the projection onto (AL)~*
(see e.g. [Kar21, Section 4.6]). Since the norm of a projection equals the dimension
of the image, one has ||A. X || < || X]|, where ¢ = (m + 1)||A||||A7!| is a constant
independent of X. Note that (A~!), = (A,)~!, thus, interchanging the roles of X
and A, X one has || X| < ¢||A.X]|.

Applying these observations to the tangent vectors in ¥, (T(1,0)§<) and using the
fact that 7, is a Riemannian submersion (i.e. it preserves the lengths of horizontal
vectors), one has that gae is quasi-isometric to gg, i.e.

v e
¢ < d(aa)];

As a result, around every cone point the local expression for [|[d(A®)|? is the same
as for [|d®||?, i.e. A® is a CTIHMM.
O

In the present paper we investigate the simplest situation with nontrivial mon-
odromy group. Consider the decomposition C2 @ C?™~!. In the following we work
with CTIHMM &: ¥* — S*™ such that M C SO(2,R) acting on the first two com-
ponents. We will act on such ® by the group SO(2m — 1, C) preserving the first two
coordinates. It is easy to see that the action of SO(2m — 1,C) preserves the mon-
odromy representation. We would like to use an analogue of Theorem 4.9 adapted
to the present context in order to construct conical metrics with arbitrary many
eigenfunctions. In particular, given a CTIHMM &: ¥* — S$?™ with monodromy
described above, we would like to find A; C SO(2m — 1, C) such that A;® — ®, as
t — oo, where @, is a map to S* C S?™. This way ge__ is a reducible conical spher-
ical metric with 2(m — 1) extra eigenfunctions where the developing map is given
similarly as (24). Unfortunately, we could not prove the analogue of Theorem 4.9
in full generality, so we prove it under an additional assumption.

In order to formulate the assumption, let us discuss the geometry of the multi-
valued twistor lift ¥: ¥* — #,,. Note that the intersection U*(p) := ¥(p)NC?m~1!
is preserved under the action of the monodromy group, i.e. ¥*(p) is a well-defined
isotropic subspace of C2™~! for any p € ¥*. Furthermore, dimc ¥*(p) is m—2, m—1
or m. Since (2m — 1)-dimensional space cannot contain m-dimensional isotropic
subspace, the latter is impossible.
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Theorem 4.15. Let ®: X* — S?", m > 1 be a linearly full CTIHMM with non-
trivial monodromy group M C SO(2,R). Assume that the map ¥* continuously
extends to points {p;} in the sense that for each j there is an isotropic space L; of
dimension (m—1) such that any accumulation point of ¥*(p) as p — p; is contained
in L.

Then there exists a one-parameter subgroup Ay C SO(2m—1,C) such that A;® —
., in C§°(X*)-topology, where ®oy: X — S*™ is a CTIHMM with its image in
a proper totally geodesic subsphere S*. In particular, the metric go_ is a reducible
conical spherical metric with the same monodromy representation as ® and has
2(m — 1) linearly independent extra eigenfunctions.

Remark 4.16. Since dimc ¥*(p) could be either (m — 2) or (m — 1), the exact
meaning of the continuity condition needs some clarification. To be precise, the
continuity condition is satisfied if the following two conditions hold. If p;. — p;
is a sequence of points such that dim¢ ¥*(p; ) = m — 1 and {¥*(p, )} converges,
then limy_, o U*(pj k) = L;-. Similarly, if p; x — p; is a sequence of points such
that dimc ¥*(pj,x) = m — 2 and {¥*(p; )} converges, then limg o ¥*(p;x) C L.

Remark 4.17. The harmonic map and the corresponding twistor lifts could a priori
have very singular behaviour near the cone points. For example, the twistor lift
could have an essential singularity there. In such a situation the dimension counting
argument does not work. It seems likely that the condition (3) in the definition of
CTIHMM prohibits such behaviour, but we could not verify this in general. This
is an analytic difficulty that could be resolved by finding good local representation
for ® or its twistor lift in a neighbourhood of a cone point. We remark that for
m = 1 the local representation in [CWWX15, Lemma 3.2] implies that the twistor
lift (which in this case coincides with the developing map) cannot have essential
singularities at cone points.

Remark 4.18. The continuity assumption on ¥* is satisfied for the examples we are
considering below. At the same time, for these examples one can find the group A,
explicitly, i.e. our construction does not require any general existence results.

Proof. The proof is a variation on the dimension counting argument at the end of
Section 4.1. The requirement that A; C SO(2m — 1,C) makes the dimension com-
putations more elaborate. This is a purely geometric argument and it is presented
below.

Recall that ¥*(p) is an isotropic subspace of C*™~1 of dimension (m—1) or (m—
2). Theset A = {L € H,,| dim(LNC?™~1) = m—1} C H,, is a proper submanifold,
therefore, either dim U*(p) = m—1 for all p € ¥* or dim ¥*(p) = m—1 only for a col-
lection of isolated points in ¥*. We claim that the former is impossible, and the only
possibility is that dim ¥*(p) = m — 1 for a collection of isolated points p € ¥* and
dim U*(p)
= m — 2 otherwise.

Indeed, assume that dim U*(p) = m — 1 for all p € X*. Let e1, ex be the basis of
C? and let ®*(p) := 7,1 (¥*(p)) be the twistor projection of ¥*(p) considered as
an element of H,,_1. Then ¥(p) = U*(p) ® I(p), where I(p) is an isotropic line in

1L
(\If*(p) & \I/*(p)) = spanc{er, ea, D*(p)}. Let z be a local complex coordinate in

the neighbourhood of p. Denote by 9:¥(p) := {9:v(p), v(z) € ¥(z)}, where v(2)
is a family of vectors in C?*™*+! and, similarly, 9,¥(p) := {9,v(p), v(z) € ¥(2)}.
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Recall that ¥ is a holomorphic map, which in local coordinates means that V¥ = 0
or, equivalently, ;¥ C W. Therefore, 9;¥* C (¥ N C*™~1) = U*(p), ie. ¥*
is also holomorphic. Moreover, ¥ is horizontal, which means that V_,¥ lies in
the horizontal distribution or, equivalently, 9,¥ C ¥ @ C® = (¥)+. Therefore,
0. 0* C C~ 1Nt =21 N (U*)*, ie. U* is horizontal as a map to Hy,_1.
Since U* is not constant (otherwise ¥ is not linearly full), outside of a collection of
isolated points one has 9,¥* = U* @ Cd*, i.e. for such points C®* € 9,V C (¥)*.
Note that [ € U, therefore, I L ®*. Since ®* is real, this implies | 1 ®* and,
thus, | € spanc{e1,e2}. As a result, & = ®&*, which contradicts the fact that the
monodromy group M is non-trivial.

Thus, dim ¥*(p) = m —1 for a collection of isolated points p € ¥* and dim ¥*(p)
= m—2 otherwise. The rest of the argument is almost identical to that at the end of
Section 4.1. Let L’ C C?*™~1 be an (m — 1)-isotropic plane and define A, to be e’ id
on I/, e~tid on L' and id on (L' @ L')*. Tt is sufficient to find L’ such that Vp € ¥*
one has U*(p) N L' = {0}. The space of all isotropic (m — 1)-planes in C>m~1
is isomorphic to H,,—1 and, therefore, has (complex) dimension W At the
same time, A = {L' € Hp—1| L' N T*(p) # {0}, p € £*} is a variety of (complex)
dimension at most max{1+(m—3)70+(m—2)}—|—(m_z);m_l) = m2_2m_2 < m(”;_l).

To complete the proof we need to control the behaviour of ¥* near the cone
points. This is where the additional assumption comes in. Namely, assume that
U* can be continuously extended to points {p;} in the sense that for each j there
is an isotropic space L; of dimension (m — 1) such that any accumulation point
of ¥*(p) as p — p; is contained in L;. If U; > p; denotes a sufficiently small
neighbourhoods of p;, then under this assumption H,,—1 \{L" € Hupm—1| L'NT*(p) #

{0}, p e U(U; \ {p;})} is still a W—dimensional manifold. Thus, the dimension
counting argument can be applied on the compact subset ¥\ (U{U;}) to complete
the proof. O

In the next section we provide an explicit family of ® satisfying the additional
assumption for any value of m. As a result, one obtains examples of reducible
conical spherical metrics with arbitrary number of extra eigenfunctions.

4.3. Examples of CTIHMMSs with non-trivial monodromy. We follow the
approach of Barbosa in [Bar75, Section 6]. Let {eo,...,€2,} be an orthonormal

basis of R*™*1. Set E; = %(6234_14—2'62)'), then the vectors {eg, E1, E1, ... By, En}

form a basis of C?*™*1, such that all (-,-) products vanish apart from (eg,eq) =
(E1,E1)=...=(En,Ep) = 1.

Identify S? with the Riemann sphere CU{oo} and set the non-integer cone points
p1, P2 to be 0,00. This way X* = C\ {0} and we use the functions z* on X* with
non-integer « to construct our examples. Namely, consider a multivalued directrix
curve Z: ¥* — CP?™ with the lift £: £* — C2™*1 of the form

ﬁ(z) = aOEl + alEQZ + ...+ am_QEm_lzm*Q + a(yEmsz2+o¢+
+ eozk + EmZQk—(m—Q-i-a) 4.+ E222k—1 + E1Z2k,

where 0 < o« < k — (m — 2). One can choose the coefficients ag, ..., am—2,aq
so that (£,&) = (§,&) = ... = ( 1) im‘”) = 0. Indeed, this is an up-
per triangular system of linear equations with non-zero elements on the diagonal.
Therefore it obviously has a unique solution. Let ¥ be the corresponding map to
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H,,. Then, it is easy to see that the monodromy group of W is a rotation in the
plane spanned by {E,,, E,,} and it is non-trivial as long as o € Z. Furthermore,
since lim,_,o 2% = 0 for B > 0, the resulting twistor map ¥ satisfies the additional
assumption that U* extends continuously to non-integer angle cone points. Thus,
this map fits into the setup of the previous section and one can deform ¥ using
the one-parameter subgroup A;. Let L’ be the e t-eigenspace of A;, then L' is
an isotropic (m — 1)-plane in spang{E,,, E,,}*. Unfortunately, one cannot take
L' = Lj, := span{E1,...,Epn_1}. Indeed, ¥*(c0) = L, which is not allowed by
the argument in Section 4.2. Similarly, if a; # 0 for j = 0,...,m — 2,0, then
U*(0) = L. Now we give Example 4.19 for m = 2:

Example 4.19. Let m = 2. Then the system (&,¢) = (£,&') = 0 is reduced to
{ 2a0 + 2a0 +1 =0,
20(2k — a)a, + k% = 0.
Solving the system yields
{ £(z) = 2322_,21) Ey — Qa(gk,:,a) 2%Ey + 2Feq + 22~ Ey + 22K By
&'(z) = —2(#2_(1)2’0"11772 +kzF ey + (2k — )22 T By 4 2k 1.

After a simple change of basis in ¥ = spang{&, £’} one has that ¥(z) is spanned by

—%za_lEg + (2k — )22 1By + .
0-Ey+(1—2#=2)Ey+...,

where the components of the vectors in spanc{E1, E1, e} are not written explicitly.
Since v # k, this basis shows that for z # {0,00} one has ¥*(z) = {0}. At the
same time, it was noted above that W*(0) = CEy, ¥*(o0) = CEj. Therefore, one
can choose L' to be any isotropic line in spanc{F1, E'1,eo} not spanned by E; or
FEi.

Let us choose E] = %eo + 1(E{ — E1) and set L' = CEj. It is convenient to do

the computations in the basis {e}, F}, E}}, where

Ey = Jseq — 5(Ey — EY),

V2 N
By = Jsep + 5(B] - EY),
eo = 75 (E1 + EY),

so that (E, E}) = (eg,e0) = 1 and all other pairwise products vanish. In the new
basis one has

_( (k—a)? Lok L o) k? o
§) = <4a(k; —a) * ﬁz Bl 522 ) By = 20(2k — oz)z Bz

1 k—a)?
+_(( @) +Z2k>66+z2k—aE2

k—a)? 1 1
+ (—& +—=2F + —z%) EY;

_ k2 _
f/(Z) = (—Z — kZZk_1> Ei — mza_lEQ + \/ikZQk_leg)

k
+ 2k —a)2Fo g, + <—zk_1 + kz%—l) E.
( ) 2 \/5 1
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Finally, one can find a basis in ¥(z) of the form (23) and use the formula (24)
and (25) to find the limiting developing map and the extra eigenfunctions. After a
lengthy but elementary computation one obtains the developing map

Zk: _ (\x/:k:
- 2
O i —
2T Jaeh—a)
where ¢ is a non-zero constant. After setting 8 = k — o and doing the change
of variables z — Az, where \F = % one recovers the developing map of

Example 3.12. Further computations also yield the extra eigenfunctions presented
there.

4.4. Algorithm for constructing metrics with arbitrarily many extra
eigenfunctions. The computations similar to those in Example 4.19 can be per-
formed for m > 2. However, the computations quickly become too lengthy to
manage by hand. Fortunately, most of the steps are very explicit and can be au-
tomated on the computer. The only part of the algorithm that is not explicit is
the choice of L’. Computing ¥* involves solving a system of nonlinear equations
and, thus, could be computationally demanding. At the same time, the proof of
Theorem 4.9 implies that a “generic” choice of L’ should work. As a result, the
following algorithm seems to be best suited in practice,

(1) Choose m, k, @ and solve the triangular linear system to find a;;

(2) Choose a fixed L’ such that L' N (Ly U L) = {0};

(3) Find the special basis of the form (23);

(4) Check that the formula (25) gives extra eigenfunctions, i.e. that they are

bounded on € and in the kernel of A — 2;

(5) If Step (4) does not give an extra eigenfunction, go back to Step (2) and
pick a different L.
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