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LOOP GROUP METHODS FOR THE NON-ABELIAN HODGE
CORRESPONDENCE ON A 4-PUNCTURED SPHERE

LYNN HELLER, SEBASTIAN HELLER, AND MARTIN TRAIZET

ABSTRACT. The non-abelian Hodge correspondence is a real analytic map between the mod-
uli space of stable Higgs bundles and the deRham moduli space of irreducible flat connections
mediated by solutions of the self-duality equation. In this paper we construct such solutions
for strongly parabolic s[(2,C) Higgs fields on a 4-punctured sphere with parabolic weights
t ~ 0 using loop groups methods through an implicit function theorem argument at the
trivial connection for t = 0. We identify the rescaled limit hyper-Kéhler moduli space at
the singular point at ¢ = 0 to be the completion of the nilpotent orbit in s[(2,C) equipped
the Eguchi-Hanson metric (modulo a Zs X Zy action). Our methods and computations are
based on the twistor approach to the self-duality equations using Deligne and Simpson’s A-
connections interpretation. Due to the implicit function theorem, Taylor expansions of these
quantities can be computed at ¢ = 0. By construction they have closed form expressions in
terms of Multiple-Polylogarithms and their geometric properties lead to some identities of
)-values which we believe deserve further investigations.
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1. INTRODUCTION

Hitchin’s self-duality equations [2I] on a degree zero and rank two hermitian vector bundle
V' — ¥ over a compact Riemann surface ¥ are equations on a pair (V, ¥) consisting of a special
unitary connection V and an (trace free) endomorphism valued (1,0)-form ¥ satisfying

(1) VU =0 and FY+[¥, ¥ =0.
These equations are equivalent to the flatness of the whole associated family of connections
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(2) VA=V + 210 4 e

parametrized by A € C* — the spectral parameter. Solutions to give rise to equivari-
ant harmonic maps from the Riemann surface into the hyperbolic 3-space SL(2,C)/SU(2)
by considering the Higgs field ¥ as the (1,0)—part of the differential of the harmonic map
[7]. An application of a classical result by Eells-Sampson [9] then shows the existence of a
unique solution in each homotopy class of equivariant maps, i.e., when prescribing the (totally
reducible) monodromy of the harmonic map [7].

As first recognized by Hitchin [21], the moduli space of solutions to the self-duality equations
(modulo gauge transformations) Mgp has two very different incarnations as complex analytic
spaces. Firstly as the moduli space of Higgs bundles M fy;44s, i.€., as the moduli space of pairs
(Ov, W) satisfying Oy ¥ = 0, and secondly as the moduli space of flat connections Myr. The
non-abelian Hodge correspondence is the map between M p;44s and Myg obtained through
solutions to Hitchin’s equations. Both complex analytic spaces Mpg9s and Mgg induce
anti-commuting complex structures on Mgp turning it into a hyper-Ké&hler manifold when
equipped with its natural L?-metric. Since the mapping is mediated by the harmonic map
this correspondence is not explicit and it is not possible to see every facet of the geometry
within one framework only.

Every hyper-Kéahler manifold can be described using complex analytic data (subject to ad-
ditional reality conditions) via twistor theory [22]. For Mgp, the twistor space has been
identified with the so-called Deligne-Hitchin moduli Mpp space introduced by Deligne and
Simpson [30]. The space M py is obtained by gluing the moduli space of A-connections on the
Riemann surface with the moduli space of A-connections on the complex conjugate Riemann
surface, and the associated family of flat connections naturally extends to a special real
holomorphic section — a twistor line. The main subject of the paper is to construct twistor
lines and the hyper-Ké&hler structure of Mgp ‘entirely complex analytically, so we bypass the
nonlinear elliptic theory necessary to define the harmonic metm’cs’ﬂ.

The self-duality equations generalize to punctured Riemann surfaces by imposing first
order poles of the Higgs fields and a growth condition of the harmonic metric determined by
their parabolic weights, called tameness, see Simpson [29]. In the following, we restrict to
strongly parabolic case, where the Higgs fields have nilpotent residues. Then the associated
family of flat connections has (up to conjugation) the same local monodromies for all spectral
parameter A € C* at the punctures [29, table on page 720]. The moduli space of solutions
has then again a hyper-Kéhler structure which was first studied by Konno [24]. The complex
structure I is hereby the one of the moduli space of (polystable) parabolic Higgs fields, and
the complex structure J is that of the moduli space of logarithmic connections with prescribed
local monodromy conjugacy classes.

In this paper, we study the simplest non-trivial case where the underlying Riemann surface
is a 4-punctured sphere and restrict to Fuchsian systems, i.e., logarithmic connections on the
trivial holomorphic (rank 2) bundle. On the Higgs side, we assume that the parabolic Higgs
bundles are strongly stable with the same parabolic weights +¢ with ¢ € (0, %) at all singular
points. For ¢ — 0 the space of polystable parabolic structures degenerates to a point given
by the trivial parabolic Higgs pair. When rescaling by ¢ its blow-up limit at ¢ = 0 consists
of the moduli space of parabolic Higgs fields ® on the trivial holomorphic bundle. Using an

1¢. Simpson in [30, Section 4]
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implicit theorem argument we construct for ¢ ~ 0 twistor lines near this singular limit, i.e.,
where the Higgs fields ¥ ~ t® is small enough. On the corresponding rescaled moduli spaces
we then obtain an explicit version of the non-abelian Hodge correspondence. Moreover, we
study the hyper-Kéhler structure of M(t) via twistor theory and identify the limit metric as
the Eguchi-Hanson metric modulo a Zy x Zo-action. It would be interesting to compare our
work with the results of [I2] where the moduli space is studied for fixed weights and large
Higgs fields in the regular locus.

The paper is organized as follows. In Section [2] we introduce Higgs bundles, the associated
moduli spaces as well as its hyper-Kéhler structure for compact Riemann surfaces. Their
complex geometric properties are encoded in the Deligne-Hitchin moduli space, see [30], and
we introduce twistor lines as special real holomorphic sections induced by self-duality solutions.
Furthermore, we identify the twisted holomorphic symplectic structure on the Deligne-Hitchin
moduli space with (a version of) Goldmann’s symplectic structure. Thereafter, we give the
ansatz in terms of Fuchsian systems for constructing real holomorphic sections through the
implicit function theorem and loop group methods in Section [3] In Section [ we conduct
the actual implicit function theorem argument to obtain real holomorphic sections of the
Deligne-Hitchin moduli space. To find appropriate coordinates, we first consider the four-fold
covering of the Higgs bundles moduli space M ;49 and we rescale it by by the factor %
The limit space at ¢t = 0 is then given by the blow-up of C?/Zy (with coordinates (u,v))
at the origin. To perform the implicit theorem argument, we thus first consider the regular
case in Theorem [| and then when (u,v) — (0,0) in Theorem [5} It turns out that in the
appropriate (u,v) — (0,0) limit the Higgs field vanishes and the corresponding sections are
flat unitary connections yielding twistor lines. Due to the fact that twistor lines form a
connected component of the space of real holomorphic sections, all constructed sections must
be twistor lines. Interestingly, we find a Lax pair type equation describing the deformation
given by the implicit function theorem. In Section |5, we compute the limit non-abelian Hodge
correspondence at ¢t = 0, and identify the rescaled limit hyper-Kéhler metric.

Theorem 1. Fort — 0 the blow-up limit of the moduli space M(t) of strongly parabolic Higgs
bundles on the 4-punctured sphere at the singular point given by the trivial parabolic structure
is the Eguchi-Hanson space modulo a Zo X Zo action.

The proof uses the twisted holomorphic symplectic form of Mgp on the 4-punctured sphere
in the Fuchsian ansatz. One advantage of our construction through the implicit function
theorem is that we can compute Taylor expansion of all geometric quantities. As an example,
we compute first order derivatives of the parameters in Section and put them together
to obtain the first order expansion of the non-abelian Hodge correspondence, the twisted
holomorphic symplectic structure and the hyper-Kéhler metric. In the last Section [6] we
analyze the structure of the higher order derivatives of the twistor sections with respect to t.
As in [20] for minimal surfaces in the 3-sphere, the n-th order derivatives of the parameters
are polynomial in A of order (n + 1).

Theorem 2. The hyper-Kdhler metric of the moduli space M(t) of strongly parabolic Higgs
bundles on the 4-punctured sphere is real analytic in its weight t and there exist an explicit
algorithm to computing its Taylor expansion at the trivial parabolic Higgs pair in t = 0.
More precisely, when computing the Taylor expansion of the twistor lines in t at the trivial
connection, the n-th order coefficients are polynomials in A of degree n+1 and can be expressed
explicitly in terms of multiple polylogarithms of depth and weight at most n + 1.
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Since the twisted holomorphic symplectic form is a Laurent polynomial of degree one in A,
evaluating it on meromorphic 1-forms which represent tangent vectors to M(t) yields infinitely
many cancelations for higher order terms in A leading to identities for some iterated integrals,
called Q-values, which can be expressed in terms of multiple polylogarithms. In Section [6.3]
we give some identities of depth three (2-values obtained from this idea which are non-trivial
in the sense that they cannot be derived from the shuffle and stuffle relations alone.

2. PRELIMINARIES

2.1. The hyper-Kéihler structures and their twistor spaces. The moduli space of
Hitchin’s self-duality equations Mgp has through the non-abelian Hodge correspondence
three complex structures I, J, K = IJ which are Kahler with respect to the same Riemannian
metric g. In fact there exist a whole CP! worth of complex structures defined by

1— |\ )\+5\J i(A—X)

= - K
14 |A]2 14 |A]2 L+ A2

I,

for A\ € C ¢ CP'. Within this family we find the complex structure I at A = 0, the complex
structure J at A = 1, and the complex structure K at A = i.

We use the sign convention
wr=-9(,I.) wy=-g9(,J) and wg=-g(.,K.)

for the associated Kéher forms so that h = g+ iw is the corresponding hermitian metric. The
twistor space of a hyper-Kéahler manifold, introduced in [22], is the smooth manifold

P = MSD X (CP1
equipped with the (integrable) complex structure
I = (Iy,i),

at the point # € Mgp and A € C C CP', where i is the standard complex structure of
CP!. Furthermore, the twistor space has a natural anti-holomorphic involution 7 given by

(x,\) — (x, —A~1). By construction the twistor space has a holomorphic projection 7 to CP*
and a twisted relative holomorphic symplectic form given by

& € HY(P,A*V* ® 0(2))

where V' = kerdr (is the complex tangent bundle to the fibers) and O(2) denotes the pull-
back bundle of the canonical bundle over T*CP!. In terms of the Kéhler forms the twisted
relative holomorphic symplectic form has the following explicit expression

R 0
(3) w=w® )\5,
where
(4) W:)\71<WJ+Z.(UK) —2wl—)\(WJ—in),

see [22, Equation (3.87)]. (Be aware of the sign difference, due to a —1 factor in the stereo-
graphic projections used to identify S? with CP?!.)
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Sections of P are holomorphic maps s: CP' — P with m o s = Id. The simplest sections are
constant sections

(5) A ((V,0),0)

for a solution of the self-duality equations (V,¥). By dimension count, these twistor lines
give rise to an open subspace of the space of real holomorphic sections [22]. The following well
known theorem then follows directly from the completeness (when adding reducible solutions)
of the moduli space of self duality solutions [21].

Theorem 3. Twistor lines form an open and closed subset of the space of real sections.

A convenient set-up for studying associated families of flat connections obtained from solutions
to self-duality equations is to consider them as real sections of the Deligne-Hitchin moduli
space Mppg.

2.2. The Deligne-Hitchin moduli space Mpp. The Deligne-Hitchin moduli space was
first introduced by Deligne (see [30, [31]) as a complex analytic way of viewing the associated
twistor space of the moduli space of solutions to the self-duality equations. As such it in-
terpolates between the moduli space of Higgs bundles Mp;44s and the moduli space of flat
connections Myg.

Definition 1. Let ¥ be a Riemann surface and X\ € C fized. A (integrable) A-connection on
a C*®—complex vector bundle V- — X is a pair (Oy, D) consisting of a holomorphic structure
on'V and a linear first order differential operator

D:T(2,V) = Q1O v)
satisfying the \-Leibniz rule
D(fs) =X0f ® s+ fDs
for functions f and sections s, and the integrability condition

(6) Dy + dyD = 0.

Remark 2. The operators D and Oy also act on (0,1)-forms and (1,0)-forms respectively.
For A = 0 the integrability condition @ 18 equivalent to

D=V ¢ H' (M, KsEnd(V))
being a holomorphic endomorphism-valued 1-form, and for A # 0 we have that
V=4D+0
is a flat connection.

Example 3. Consider on the hermitian bundle V. — % a solution (V = 0¥ + 9V, V) of the
self-duality equations. Then, the pair

(@Y 4+ AT*, N0V + )

defines a A-connection on V' for every A € C which coincides with the Higgs pair (0V,¥) at
X = 0 and with the flat connection V' =V + ¥ + U* gt \ = 1.

Definition 4. A SL(2,C) A-connection is a A\-connection on a rank 2 vector bundle V. — X,
such that the induced \-connection on the determinant bundle A2V is trivial.
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Definition 5. A SL(2,C) \-connection (dy, D) is called stable, if every Oy -holomorphic sub-
bundle L C 'V with

D(I(2, L)) c Q1O (3, L)
s of negative degree and semi-stable if its degree is non-positive. All other A-connections are

called unstable. A SL(2,C) A-connection is called polystable if it is either stable or the direct
sum of dual \-connections on degree zero line bundles.

For A # 0, every O-holomorphic and D-invariant line subbundle L C V must be parallel
with respect to the flat connection V = 1D + 0. Therefore, the degree of L is 0 and the
A-connection (9, D) is semi-stable. Moreover, (9, D) is stable if and only if the flat connection
V = %D + 0 is irreducible. The situation is different at A = 0 and we need to restrict to
polystable A-connections to obtain a well-behaved moduli space.

Definition 6. The Hodge moduli space Mpoq = Mpoa(X) is the space of all polystable
SL(2,C) A-connections on V. = X ><7(C2 — X modulo gauge transformations, i.e., Mpoq
consists of gauge classes of triples (A, 0, D) for A € C and (0, D) a \-connection.

The gauge-equivalence class of (X, 0, D) is denoted by
A\, 0,D] € Mpoa
or by B
(A, 0, Dls; € Mpoa(%)
to emphasis its dependence on the Riemann surface.

The Hodge moduli space admits a natural holomorphic map
TI'EZMHOd—>(C; [)\,5,D]>—>)\

whose fiber at A = 0 is the (polystable) Higgs moduli space Mpiggs, and at A = 1 it is the
deRham moduli space of flat (and totally reducible) SL(2,C)-connections Mg, which we
consider as complex analytic spaces endowed with their natural complex structures I and J
respectively.

The next step is then to compactify the A-plane C to CP!. For a Riemann surface ¥ let
Y be its complex conjugate, i.e., the Riemann surface with conjugate complex structure.
As differentiable manifolds we have ¥ = 3 and thus their deRham moduli spaces of flat
SL(2, C)-connections are naturally isomorphic. Then the two Hodge moduli spaces M g,4(X)
and M ,4(2) can be glued together via Deligne gluing [31]

G: MHod(E) \7@1(0) - MHod(i) \ng (O)’ [)‘7 5’ D]E = [%7 %Da %g]f
along C* to give Deligne-Hitchin moduli space

Mpr = Mpea(E) Ug Muod(X).

The natural fibration 7y, on Mpeq extends holomorphically to the whole Deligne-Hitchin
moduli space to give 7: Mpy — CP! whose restriction to Mgoq(X) is 1/ 5.

Remark 7. Note that the Deligne gluing map G maps stable A-connections over X to stable
%—connectz’ons on . Hence, it maps the smooth locus of Moq(M) (consisting of stable -

connections) to the smooth locus of Meq(M), and thus Mppg is equipped with a complex
manifold structure at all stable points.
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Definition 8. A section of Mpg is a holomorphic map
s:CP' — Mbpm
such that mo s =Id.

Example 9. The associated family of flat connections V> to a solution of the self-duality
equations gives rise to a section of Mpy — CP! wia

(7) s(A) = [\, 0V + A" AV + U]y € Mpyoa(X) € Mpp.

When identifying the Deligne-Hitchin moduli space with the twistor space P — CP! of the
hyper-Kdhler space Mgp (at the smooth points), the section given by 1s identified with the
‘constant’ twistor line (), see [30].

Definition 10. A holomorphic section s of Mpp is called stable, if the A-connection s(A) is
stable for all X € C* and if the Higgs pairs s(0) on ¥ and s(co) on X are stable.

It follows from Hitchin [2I] and Donaldson [7] that every stable point in Mpg uniquely
determines a twistor line. Therefore, a twistor line s is already stable if s(\g) is stable
for one A\g € C. Moreover, twistor lines are in one-to-one correspondence with self-duality
solutions . Hence the following characterization of twistor lines as particular negative real
holomorphic sections of M pyr is useful to decide when certain real sections are in fact global
solutions to the self-duality equations.

2.3. Automorphisms of the Deligne-Hitchin moduli space. To define a real structure
on Mpy we need to look at some natural automorphisms of Deligne-Hitchin moduli space.
First of all, for every yu € C* the (multiplicative) action of u on CP! has a natural lift to
Mpu by

:U’([)" 9, D]) = [//’)‘7 9, :U’D]'
Definition 11. We denote by N : Mpg — Mpg the map given by multiplication with
w=—1, namely

[\, 0, D] — [\, 0, —D].
Furthermore, we have a natural anti-holomorphic automorphism denoted by C.
Definition 12. Let C: Mpyg — Mpg be the continuation of the map

C' : MHod(Z) — MHod(i)

given by

(8) [\, 0, D] +— [A,

Qo

Dls.
To be more concrete, for
d=0+n and D=\ +w

where d = 0° + d° is the trivial connection, n € Q%Y (3,sl(2,C)), and w € Q0(X, 5[(2,C)),
we define the complex conjugate on the trivial C*-bundle over ¥ to be

d=0"+7 and D =X) +a.
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The map C covers the map -
AeCP'— XtecPh
Since C' and N commute and both maps are involutive, their composition
T=CN

is an involution as well, which covers the fixed-point free involution A — —A~! on CP".

2.4. Real sections. Consider the anti-holomorphic involution of the associated Deligne-
Hitchin moduli space

T=CN: Mpg — Mpn
covering the antipodal involution

A =271
of CP. We call a holomorphic section s of Mpy real (with respect to T) if
(9) T(s(\) = s(=A7")

holds for all A € CPL.

Example 13. Twistor lines @ are real holomorphic sections with respect to T. Let (V, W)
be a solution of the self-duality equations on X with respect to the standard hermitian metric
on C? — X. Because we are dealing with s\(2, C)-matrices, the unitary connection V satisfies

. o (0 1
vovon ()

av _ a0 (0 1 v_av (0 1
0¥ =0 .(_1 0) and 0V =0 .(_1 0l

and analogously we have
0 —1\= /0 1 « (0 —=1\z/0 1
\1:=<1 0>q; (_1 0) and _(1 o)‘l’(_l O).
Therefore, the twistor line satisfies
T(s(A) =T ([N, 0V +XT*, T + \dV]y)
= [ AL ATH T+ NV, = ATHAY 4+ ATy

(10) = A8 3T T - Xy

which is equivalent to

L [(2A1 BV 4 31T, T — 13, <01 é)]M

= [(-A10Y = AT U - XYy = s(—ATY).

Let s(\) be a real holomorphic section with VA ~ A™1W + V + ... being a lift to the space
of flat connections, and such that (0V, V) is stable. For the existence of such lifts see [5,
Lemma 2.2 |. Then the reality condition @ gives rise to a family of gauge transformations
g(\) satisfying

VAT =V g(N).

Applying this equation twice we obtain

VA .g(N)g(=A"1) = VA
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Because the section s is stable, the connections V* are irreducible for all A\ € C*. Therefore

g(A\)g(—A~1) is a constant multiple of the identity for every A € C*. By [16, Lemma 1.18] we
can choose g to be SL(2,C)-valued yielding

(11) g(Ng(=A~1) = £Id

and the sign on the right hand side is independent of the lift V* of s and is preserved in a
connected component of real sections motivating the following definition.

Definition 14. [5, Definition 2.16] A stable real holomorphic section s of Mppu is called
positive or negative depending on the sign of ,

Example 15. Twistor lines are always negative sections. In fact, the associated family of
flat connections is a canonical lift of the twistor line to the space of flat connections, and with
respect to the standard hermitian structure on C? the gauge

=" 5).

as in , is constant in A and to —Id.

The space of real sections of Mpy has multiple connected components. A negative real
section lying in the connected component of the twistor lines must be a twistor line itself by
Theorem [3] It corresponds therefore to a global solution of the self-duality equation.

2.5. Reconstruction of self-duality solutions from admissible negative real sections.
A section s of the Deligne-Hitchin moduli space has lifts to families of flat connections in both
Hodge moduli spaces. Let

VA=A"10 +V + higher order terms in A
be a lift around A = 0. Due to s being real, there exists a family of gauges g(\) satisfying

~ - ~

V-2 =V g(N).
Assume that the Birkhoff factorization
gA) =g (Ng~ (V)

such that g* extends to A = 0 and g~ extends to A = oo exist for every z € X, see [27]
for details about loop groups. This factorization is unique up to the multiplication with
a M-independent B, i.e., let g(A) = gt (A\)g (\) be a second splitting, then there exist a
B: % — SL(2,C) such that

JTN) =g WB™" and G (\) =Bg ().

Moreover, assume that the section s is negative, i.e,

—1 -1 -1

g(=A"h) =gm (AT gt (=ATh) = —g(N),
and since A\ — —A~! interchanges the ()* and ()~ parts of the Birkhoff factorization, the
uniqueness assertion gives

—1

7N =—g (A1) B and g (\)=Bgt(-A 1)
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for some B: Y — SL(2,C) with BB = —Id. This gives that B lies in the same conjugacy

class as § = (_01 (1)> , i.e., there exist G satisfying 6 = G~'BG. Then

VA = VA (gt (NG)

satisfies V-2' = V*.§ and is therefore the associated family of a self-duality solution with
respect to the standard hermitian metric.

Remark 16. In this paper we construct real holomorphic sections via loop group methods,
i.e, we write down a particular lift of a real section s of the Deligne-Hitchin moduli space
around X = 0 in terms of a Fuchsian potential n (i.e., a A\-dependent Fuchsian connection
1-form). To obtain the actual harmonic map into the hyperbolic 3-space H? (or the associated
self-duality solution), we need thus to perform a global Birkhoff factorization and we require
negativeness of the section. This needs further conditions, as examples for which the harmonic
map into H? becomes singular and intersects the boundary at infinity of H® exists [16] as well
as positive real sections with global Birkhoff factorization that give rise to harmonic maps into
the de-Sitter 3-space |5, Theorem 3.4].

By starting at appropriate initial conditions, the constructed solutions lie in the same connected
component as unitary connections, i.e., solutions to the self-duality equations with ¥ = 0
implying negativeness of the constructed solutions. The global factorization follows (after a
positive gauge near the poles) from the fact that the set of loops factoring into positive and
negative parts is an open dense subset of the whole loop group, containing the identity, see |27,
Chapter 8|. Therefore, for small weights, our approach gives an entirely complex analytic proof
of existence of solutions of the self-duality equations. By using the real analytic dependence
of the solutions on the weights by [23] and the completeness of the moduli space (Theorem @,
one can actually deduce that the global Birkhoff factorization exists for all t.

2.6. Goldman’s symplectic form on the moduli space of A-connections. Fix A € C
and consider the space of A-connections modulo gauge transformations. Let (0, D) be a A-
connection. A tangent vector to the (infinite dimensional) space of A-connection is given
by

(A, B) € QD (s1(2,C)) @ Q19 (s1(2,C))
satisfying the linearized compatibility (flatness) condition
(12) 0= 0B+ DA.

Tangent vectors at (9, D) which are generated by the infinitesimal gauge transformation
¢ e I'(%,s1(2,C) are given by
(A, B) = (8¢, Dg).

The Goldman symplectic structure O* on the moduli space of A-connections [10, Section 1]
is defined to be

(13) OA((Al, By),(Ag, Bg)) = 4/ trace(A; A By — As A\ By)

by
for (A, B) € QO (s((2,C)) ® Q1O (s[(2,C)) representing tangent vectors. On a compact
Riemann surface, the symplectic structure O is gauge invariant, and thus can be computed
using arbitrary representatives of the tangent vectors, which makes it well-defined on the
moduli space of A-connections. Since we are not aware of any explicit reference (except for
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A =0 and A = 1), we give the simple proof (which is of course an instance of an infinite-
dimensional symplectic reduction for the gauge group action with the curvature as moment
map, see [1]).

Lemma 17. Let A\ € C be fized. The holomorphic symplectic form O™ is well-defined on the
moduli space of A-connections.

Proof. A gauge transformation acts on tangent vectors to the space of connections by conju-
gation, and since the trace is conjugation invariant we obtain

O*(A1, By).g, (Az, B2).g) = OM(A1, By), (Ag, Bo)).

Let (A1, By) satisfy 0 = OB + DA and let (Aa, By) = (0¢, DE) be a tangent vector that is
also tangent to the gauge orbit. Then,

O)\((Al, B1),(Ag, By)) = 4/ trace(A; A DE — éf A By)

(14) ¥

= —4/ dtrace(A1§ +EBy) — 4/ trace(DAL€ + £0By) = 0.
by by

Therefore, O? is well-defined on the quotient space (the moduli space of A-connections). By
construction the form is closed and of type (2,0) as required for a holomorphic symplectic
form. O

The Goldmann symplectic form in fact coincides (up to scaling) with the twisted holomorphic
symplectic form on the twistor space P = Mgp x CP! of the moduli space of self-duality
solutions, also compare with [I4, Equation (4.10)].

Proposition 18. Let A € C C CP! Then, the fiber Py = 7 1(\) is the moduli space of
A-connections, and

)\w\P)\

is the Goldman symplectic form O* on the moduli space of \-connections.

Proof. We have discussed that Py = 7~ *({\}) is the moduli space of A-connections by [31]
Theorem 4.2].

In order to evaluate the corresponding symplectic forms, we need to first find appropriate
representatives of tangent vectors. For doing so, we fix h to be a standard metric (even
though this is not necessary by [I3]). The tangent space of Mgp at (the representative)
(V, W) is given by those

(&, ¢) € QOD(s1(2,C)) & Q1 (s1(2, C))
satisfying
15) 0=d"(¢£—&)+ 5[N]+ 5[ A

0=0" +[¢,¥]

modulo infinitesimal gauge deformation (see [21], (6.1)]). These equations mean that we have
an infinitesimal deformation

t—= (V+tE—-€), Y +1to)
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of a solution to the self-duality equation (for the fixed hermitian metric), and we can choose
harmonic representatives which are orthogonal to the (unitary) gauge orbit, which is equiva-
lent to

(16) D*(§,¢) =0
where
D: I(Z,5u(2)) — QOY(2,51(2)) @ QLO(2,51(2)); o (V)" [¥,¢))
see [21, 13]. Provided (15), hold, the complex structures I, .J, K = I.J are given by
(17) I(§, ) = (i€,i¢) J(& ¢) = (9", —if") and K () = (—¢", &),

see |21}, page 109]. Provided (15), hold for k£ = 1,2, the Hitchin metric (see [21} (6.2)]) is
defined to be

g ((&1,01), (&2, 92)) = Zi/ztrace ENEHENEG+P1 NP+ P2 AdT).

Thus
wr((€1,01), (§2, 92)) = —g((&1, 1), (i€2,i¢2))

=2/Etrace(€i‘A£z—€§A£1 LA+ ba A Y
s (61, 61). (62 62)) = 2 /E trace(£] A 63 — do A &1 + b1 A s — € A 60)

wi ((&1,01), (&2, 92)) = —2i/ trace(—&7 A @3 — d2 A&+ o1 Ao+ &5 A ¢T)

x

which gives
(wy +iwk) (&1, 01), (€2, 2) = —4/Etrace(¢2 NEL— 1 N E2).

Recall that twistor lines corresponding to the self duality solution (V, ¥) are given by
A= (N Y AT T+ A0V )y

or equivalently by the associated family of flat connections

(18) AECH = V4 A0+ 2T*,

Thus, the tangent vectors X = (&1,¢1) and Y = (&2, ¢2) correspond to the normal bundle
sections given by

XX (0,6 + AT, o1 — AEY)
and

Y i A= (0,8 + A5, oo — AE5).
Therefore, when fixing A € C, we obtain from

OMX,Y) =O*(€1 + A%, 1 — AEY), (Ea + Adb, d2 — AED))
=(wy +iwg)(X,Y) — 2w(X,Y) — N (wy — iwg ) (X,Y).
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2.7. The Goldman symplectic form for the space of logarithmic connections. See [3]
or [2] for details about Poison and symplectic structures on moduli spaces of flat connections
on punctured Riemann surfaces. We include the following discussion only for convenience to
the reader.

Let ¥ be a compact Riemann surface, pi,...,p, € ¥ be pairwise disjoint. Fix SL(2,C)
conjugacy classes
Ci,y...,Cp

of (non-zero) diagonal matrices C1, ..., C, € sl(2,C). Consider the infinite dimensional space
A of flat SL(2, C)-connections V on

0 =3\ {p1,.-.,on}

which are of the form

d .
(19) V= Ajﬁ + smooth connection
j

with A; € C;, and with respect to centered holomorphic coordinate z; at p;.

Lemma 19. Let X € QY(X°,51(2,C)) be a tangent vector to V € A. Then, there exists smooth
¢ €T(%,51(2,C)) and X € QY(%,s1(2,C)) such that

X=dV¢+X and d"X =0

on the punctured surface 3°.

Proof. Since X is a tangent vector at V, we have in particular dVX = 0. Moreover, X
preserves the form of Equation therefore we can write
dz; ~
X = [Aj,&j]zfj + X
J

around p; for appropriate §; € s[(2,C) and smooth X. Now, consider any section & €
I'(%,sl(2,C)) with £(pj) = &;. Then the splitting

X =dVeE+ (X —dVe)
is of the required form. O

Lemma 20. Let V € A with A; as in and X =dVE+ X, Y =dVu+Y € Ty A for
&, el(%,sl(2,C)) and X,Y € Q1(2,s1(2,C)). Then

/20 trace (X AY) = /Etrace (X A Y) — 27 i trace (A4;[¢(pj), u(py)]) -

Jj=1

Proof. Consider the punctured Riemann surface ¥ and a centered holomorphic coordinate z;
around a puncture p;. For ¢ > 0 small let

v St 20 @2 (zj)_l(tezm‘p).

Then we have with respect to the splittings of X and Y

/ trace (X ANY) = / trace (X A Y) +trace (dV£ A lA/) +trace (X A dv,u) +trace (dV§ A dvu) .
0 0
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We need to compute the second till the fourth term in the above expression.

/20 trace (dvf A }7) =— /20 dtrace(£Y) + /20 trace(&(dVY))

20
(20) _ %E)%ZJ: Lt trace(£Y) = 0,

since dVY = 0 and 17,5 are both smooth on . Analogously, we have
/ trace(X A dYp) = 0.
>0

For the last term we have
(21)

/ trace(dvé A d¥ p) :/ dtrace(&dY ) = — lim g / trace(£dY p)
0 30 t—0 _] vt
dzs
= — lim g / trace(¢[A4;, u]ﬁ) — lim / trace(something smooth)
: Zj Yt

= —2mi Y _ trace(§(py)[Aj, u(py)]) = —2mi »_ trace(A;[E(p)), 1(p;)])
‘ J

J
(]

This Lemma allows to define a holomorphic complex bilinear and skew-symmetric form on
the (infinite dimensional) tangent space Ty.A by

O: Tv.A X Tv.A —-C
(X,Y) — o trace(X AY) + 2mi Z trace( Resy, (V)[Resy, (X), Resy, (Y)]).
J
Corollary 21. For dV¢,Y € Ty A we have
O(dVEY) = 0.

Therefore, the bilinear form O descents to a well defined holomorphic 2-form on the quotient
of A by gauge transformations.

Remark 22. When the infinitesimal deformation of the flat connection preserves the holo-
morphic structure of X0, i.e., the tangent vector fields X, Y are meromorphic and the first
term when evaluating the bilinear form O vanishes, and only the residue term remains. For
A € Oj, the complex skew bilinear form

[A, X],[A,Y] € T4O; — trace(A[X,Y])

is well-defined and known as the Kirillov symplectic form on the adjoint orbit O;.

3. ANSATZ AND INITIAL PROPERTIES AT t = 0.

In this section we write down an ansatz for potentials (A-dependent connection 1-forms) on the
4-puncture sphere ¥ = ¥, depending on the parabolic weight t € (—%, %) We then explicitly
compute the initial conditions at ¢ = 0 which we will deform via an implicit function theorem
argument in Section {4f to obtain equivariant harmonic maps from X, into H? for ¢ # 0.
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3.1. The potential. To construct real holomorphic sections explicitly, we restrict to the case
where the underlying holomorphic structure is trivial for all A € D, = {\ | [A|?> < a?} for
some a > 1. Then the connection 1-form is a holomorphic and complex linear

n e QY92 Asl(2,0))

with
(An) € QY0(M, Aysl(2,C)),
where
L. QL C%
(22) Asl(2,C) :={n: S* — sl(2,C)}

A1sl(2,C) ;== {n € Aysl(2,C) | n extends holomorphically to D,}
with (An) denoting pointwise multiplication. Its residue at A =0

n-1:= Resx=o(n)
is the (parabolic) Higgs field. Such an n will be referred to as a potential. On the 4-punctured

sphere we can further specialize to n being a Fuchsian system for every A € D, \ {0}, i.e., we
consider potentials of the form

4
dz
n= B; , and B;=0
=1 "z = pj Z ’

with 2z being the homogenous coordinate of CP!, B; € A;sl(2,C). To be more explicit, the
coefficients of AB;, as functions of A, are in the functional space

w20 .= {h S DT CARS oo}
k=0 k=0

so have convergent power series in the disk of radius a > 1. We denote the subspace of
convergent power series with vanishing constant term hg by W,". Whenever the dependence
on a particular a is not important, we will omit this index. More generally, W, denote the
space of convergent Laurent series on the annulus A, := {5 < [A|? < a?}. Elements of h € W
will be splitted into its positive part ht € W and the constant part h® = hy and the negative
part h~ = h —ht — B0,
To fix further notations let C* denote the upper-right quadrant of the plane

Ct ={z€C | Re(z) > 0,Im(z) > 0}
and let p € C* and consider the four-punctured sphere

¥ =3, =CP"\ {p1,p2,p3,ps}

with

(23) pr=p, p2=-1/p, p3=-p and ps=1/p.

Up to Mobius transformations, every four-punctured sphere is of this form. By definition ¥ is
invariant under the holomorphic involutions §(z) = —z and 7(z) = 1/z. Moreover, consider

the Pauli matrices

(10 (01 (0 i
M=o -1 =110 M=\ -0

and the holomorphic 1-forms on X
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dz dz dz dz
W] = — + —
2 4| 2= P2 Z—=DPp3 2= P4
dz dz dz dz
(24) wo = - - +
Z—=Dp1 2 —=DP2 Z—=DPp3 Z = P4
dz dz dz dz
w3 = + — —

Z—=p1 zZ—p2 Z—p3 Z—Dpi
Then the w; have the symmetries

(25) {5*W1 = Wi, 6*0']2 = —wa2, 5*("}3 = —Ww3

T*w = —w1, Twe =wsy, Trws= —ws.

In the following we will consider a potential of the form
3
(26) me=tYy i (\mjw,
j=1

where t ~ 0 is a real parameter and Az1, Ara, Ar3 € WY are parameters. We aim to
determine 7, in dependence of ¢ through the implicit function theorem by imposing the reality
condition. We denote the parameter vector then by = = (1, 29, 3) € (W=%)3. In particular,
7 is a Fuchsian system for every A € D, \ {0} and the residues at a puncture is given by a
Asl(2,C) element

Res,—p;nt = tA;

with

A= ( T9 ilixg $2——tvi$3 ) Az = < —x;fll'l’g _x2;1_ o )
(27) I —Xr9 — i:IZ3 —X1 Xro — ixg

A3 = < —xo + 13 - > A= < To + 1x3 1 >
satisfying

(28) det(A;) = —2% — 23 — 23
forall j =1,...,4.

This ansatz is chosen such that the potential has the following symmetries

& n =D 'n,D with D= < é _07; )
(29)

0

In the following section we obtain from the implicit function theorem that these symmetries
are automatically satisfied when all parabolic weights at the four punctures of ¥ are equal.

™n; = C 7l C with C = < (Z) ! > .

Remark 23. With this ansatz we only study harmonic maps for which the monodromy become
trivial for t — 0 and consequently the corresponding Higgs fields ¥(t) — 0.

Remark 24. When comparing to the notations of [20] we have x1 = ia, x5 = b and x3 = c.
Moreover, we adjusted the Pauli matriz my as well. These changes of notations are to facilitate
writing compact and symmetric formulas with respect to the parameters x;.
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3.2. Potentials and Higgs fields. A potential of the form with non-vanishing A\~ '-part
U = res)—on:

naturally defines a strongly parabolic Higgs bundle where the underlying holomorphic vector
bundle is trivial:

Clearly, the functions x1,z9,xs have first order poles at A = 0. Moreover, from (26| we
obtain that the non-vanishing A\~!-part ¥ is a meromorphic and s[(2, C)-valued 1-form on
the 4-punctured sphere whose residues at the singular points are nilpotent and non-vanishing.
Define the parabolic lines at p; to be the kernels of the residue at p;, equipped with parabolic
weight ¢, and equip the full 2-dimensional fibre with parabolic weight —t.

By construction, the parabolic Higgs pair consisting of the parabolic Higgs field and the

parabolic structure, is uniquely determined by the nilpotent s[(2, C)-matrix Ag_l). In fact,
we have

_ d _ d _ d
| Gy | R |
Z—=Dp1 A Z—P3 Z— P4

—1 dz
w= A

with
AV =ptalp, ATV —(ep)talVep), SV =pta{p, AV =ctal Ve
(~1)

Moreover, conjugation of A; ~/ by C or D leads to a conjugation of the corresponding Higgs

_1)

field . To facilitate the notation, we will omit the superscript of Ag in the following.

Lemma 25. Let 0 # Ay € sl(2,C) be nilpotent and g € SL(2,C). The parabolic Higgs fields
U and @ corresponding to Ay and A1 = g1 A1 g are gauge equivalent if and only if

gE<C,D >= 7y X Zs.

Moreover, all these parabolic Higgs fields gives rise to semistable parabolic structures which
are generically strictly stable as we require t € (0, %) More precisely, we have

Lemma 26. Let py,...,ps as in and let (u,v) € C?\ {0} with

A, = (W —u?
1 v —ww )

Then, the corresponding strongly parabolic Higgs pair is semistable. The underlying parabolic

structure is strictly stable unless uvv = 0, u? = v? or u? = —v?.

Proof. Since 4t < 1 we only have to look for degree 0 line subbundles given by complex lines
in C? as possible destabilising bundles. The kernels L1, ..., L4 of the residues at p, ..., ps are
given by

L, = C(u,v), L9 =C(-v,u), Ls=C(-u,v), L4=C(v,u),

respectively. Thus, at most two of these lines can coalesce, and this happens if and only if

wo =0, u? =22 or u? = —v°.

In these cases, one can compute that the corresponding Higgs field ¥ has non-trivial deter-
minant with simple poles at pi,...,ps4, and therefore must be semistable. In fact an easy
computation shows that the Higgs pairs are polystable. Moreover, the Higgs fields with re-
spect to u = 0 and v = 0 gives rise to gauge equivalent parabolic structures, so does u = v
and u = —v as well as u = v and u = —iv. (]
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We call the parabolic Higgs fields ¥ induced by a single matrix A; € sl(2,C) as symmetric.
The following lemma can then easily be proven.

Lemma 27. Consider on the holormorphic trivial rank 2 bundle a parabolic structure on the
4-punctured sphere with parabolic weights +t, with t € (0, i), at all four singular points. Then
every parabolic structure admit a symmetric parabolic Higgs field. Vice versa, every non-zero
polystable strongly parabolic Higgs field is gauge equivalent to a symmetric one.

Proposition 28. The moduli space of all polystable strongly parabolic Higgs bundles as in
Lemma is given by the cotangent bundle of CP' modulo a natural Zo x Zs action.

Proof. The gauge class of a polystable strongly parabolic Higgs bundle can be represented
with a symmetric parabolic Higgs field induced by a non-zero nilpotent A; € s[(2,C). The
matrix A; is uniquely determined up to sign by the spin covering

(u,v) € C2\ {0} — (“U ‘“2> .

U2 —Uuv

Recall that the kernel of A; determines the induced parabolic structure. Moreover, by Lemma
the gauge class of a strongly parabolic Higgs field (or the induced parabolic structure)
determines A; unique up to conjugation by the group Zs X Zs generated by C' and D. Therefore,
up to the action induced by C and D, the moduli space is the blow up of C?\ {0}/Zs, which
can be identified with the cotangent bundle of CP'. O

3.3. The choice of initial data at ¢ = 0, and parabolic Higgs fields. We denote the
initial value of the parameters with an underscore. These are chosen such that z;, x4, 3 at
t = 0 satisfy

A = 4]
The ()*-operator for matrices is hereby defined as
7771
M*(\)=M(=1/X) .
The first equation in will later give that the local monodromies of the associated Fuchsian
systems lie in the conjugacy class of diag(exp(2mit), exp(—2mit)) for every A € D,. The second

equation in gives an infinitesimal version of T-reality at ¢ = 0. The equations on
the matrices are equivalent to

{x%+m§+x§ =1

Ly = g;fa VJ’
where the induced ()*-operator for functions is defined to be
(31) F1N) = f(=1/N).

Since potentials have at most a first order pole at A = 0 each eligible z; must be a degree 1
Laurent polynomial

_ —1
Ty =25 A Tz

zjo€R
Lj1 = —Lj1-

with
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Then gf + g% + gg =1 is equivalent to
(3
2

J=1
3

(32) >_zj-1zj0 =0

7j=1

3
> wio 2z P =1
=1

For the first equation, consider the standard parametrization of the quadric {1‘2 +y2+2%2 =0}
in C? given by

(33) 2y =uv, rp_ =50 —u?) and a5y = §(u? +0?)
with (u,v) € C?\ {(0,0)}. Then the second equation of gives
(34) uvzTy g+ %(U2 - U2)£2,0 + %(U2 + U2)$3,0 =0

and its (real) solutions are

(35) xo= p(Ju* = |v]?), Ty = 2pRe(uv) and 34 =2pIm(uv), for some p € R.
Finally, the third equation of
PA(ul® + o])? = (Juf* + Jo*)? = 1

determines p up to sign. The geometric meaning of these equations and its relationship to
the classical Weierstrass representation of minimal surfaces in Euclidean 3-space is discussed
in Section In particular, we obtain from Lemma [39 that the compatible p is

(36) p=—VI+ (P +[oP)

We have thus fixed the initial conditions of 7; depending on a pair (u,v) € C2\ {(0,0)}
which parametrizes the space of all eligible non-vanishing A-residues of the 7;. This gives a
4-fold covering of the open stratum of the moduli space of parabolic Higgs fields. In fact, the
symmetries uniquely determine the potentials up to conjugation with C' and D for
t > 0, see also [17, Lemma 17].

Convention 29. In the following, we slightly abuse the notation and neglect the Zg X Zo
issue when referring to completion of the nilpotent orbit as the moduli space of parabolic Higgs
fields. This 4-fold covering can be identified with the space of parabolic Higgs fields on the
1-punctured torus (with parabolic weight % —2t). We will also ignore the complex line of stable
parabolic Higgs fields with underlying holomorphic structure O(—1) @ O(1) at t = 0, since the
t — 0 limit of corresponding representations are far away from the identity.

Remark 30. When considering for t > 0 we have to rephrase the second condition in
(30) encoding the reality condition at t = 0. We require only that nf and n; lie in the same
gauge class. Moreover we fix the A-residue of ny at A = 0 for all t. This corresponds to
constructing families of flat connections that descent to real holomorphic sections of Mpp(t)
with prescribed Higgs pair at A = 0. Due to this choice of initial conditions, the constructed
family of flat connection is gauge equivalent to the associated family of flat connections V* of
an equivariant harmonic map into hyperbolic 3-space, i.e., a twistor line.
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The moduli space of SL(2, C)-Fuchsian systems with prescribed local monodromies over the
4-puncture sphere as well as the space of associated strongly parabolic Higgs fields with fixed
weights are both complex 2-dimensional. For the potentials 7, the underlying holomorphic
bundle is trivial, and the weight ¢ is fixed at every puncture. Hence, the parabolic structure
is entirely determined by the eigenlines of the residues.

Using the above (u,v)-parametrization the parabolic Higgs field ¥ = Resy—q 1, is given by

3
\IJ =1 E §j7_1mjw.j
=1

and has determinant

—4t2(ut — (p? + p~Huv? + vt
(37) dot(w) = 2 - bty Ju ),
2= (p?P+p2)22+1

Its residues at pj, j = 1,...,4 are

2 2
u —u —uv  —v
Res, ¥ =1 < 02— ) Resp, ¥ =1 ( . >

(38) ) ,

uv U —uv v
Res,, ¥V = t( 0 —uw ) Res,, ¥ = t( —u? uw >

which are all non-zero, nilpotent and their 0-eigenlines viewed as points in CP! have homoge-
nous coordinates u/v, —v/u, —u/v and v/u, respectively. Their cross-ratio determining the

parabolic structure is then
U —v —UuU v —4u2v?
<v’u?/v’u>::@@_va2’
where the cross-ratio is defined to be

(23 — 21)(24 — 22)
(23 — 22)(24 — 21)

(21,225 23, 24) =

Using the symmetries a Higgs field is uniquely determined by its residue ¥; at p € 3. More-
over, the cross-ratio is already determined by the ratio u/v (since scaling v and v just scales
the Higgs field). Thus an open (and dense) subset of (the 4-fold covering of) the moduli space
of strongly parabolic Higgs bundles can identified with the nilpotent orbit in sl(2, C) which is
given by the blow-up of C?/Zs at the origin.

4. CONSTRUCTING REAL HOLOMORPHIC SECTIONS

In order for the potential d — 1; to be the lift of a real holomorphic section s we first need to
impose the gauge equivalence

(39) (=) = [a—n""].

To make this condition more explicit, we identify the space of gauge equivalence classes of
flat connections with the space of representations of (X, z9) modulo conjugation via the
monodromy representation. Let p € CT and ¥ = 3, be the 4-punctured sphere and fix the
base point zp = 0. Choose the generators -1, 72, 73 and 74 of the fundamental group 71 (X, 0)
as in [20], i.e, let 71 be the composition of the real half-line from 0 to +o0o with the imaginary
half-line from +ico to 0, and more generally 7 is the product of the half-line from 0 to
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i*~Too with the half line from i*oco to 0, so v encloses pp and 1727372 = 1. Let ®; be the
fundamental solution of the Cauchy Problem
(40) dy®y = &y with initial condition ®;(z = 0) = Id

and let My (t) = M(Py, k) be the monodromy of ®; along ~y,. The moduli space of represen-
tations can be parametrized using so-called Fricke coordinates. Define

Sk 1= trace(Mk); Skl = trace(Mle).

Since My, € SL(2,C), the trace s, determines the eigenvalues of My, i.e., the conjugacy class
of the local monodromy M. For the symmetric case considered in this paper we restrict to

$1 = S3 = 83 = s4 = 2cos(27t)
for t €]0, i[ and the following classical result by Fricke-Voigt holds.
Proposition 31. Consider a SL(2,C)-representation on the 4-punctured sphere .. Let
S=81="+-"=84
and let U = s12, V =523, W = s513. Then the following algebraic equation holds
(41) U+ V24 W2HUVW = 282(U+V +W) +4(s> = 1) +s' = 0.

When satisfying the parameters s and U, V, W together determine a monodromy represen-
tation p: m(X) — SL(2,C) from the first fundamental group of ¥ into SL(2,C). By imposing
the symmetries , this representation is unique up to conjugation.

Proof. For the first (classical) part of the proposition see for example [II]. Whenever the
representations are irreducible, [I1] moreover shows that they are uniquely determined by
their global traces U, V, W up to conjugation, even without symmetry assumptions. By [I1],
Lemma 5] a representation is reducible if and only if

sij €{2, -2+ s*} = {2,2cos(4nt)}
for all 4, 5. For t €]0, ] then implies that
(U, V,W) € {(2,2,2cos(47t)), (2,2 cos(4nt), 2), (2 cos(4nt),2,2) }.
It can be easily checked that for each of the 3 possibilities there is a unique (up to conjugation

with C' and D) Fuchsian potential satisfying the symmetry assumptions (29)). ([

Using the above proposition the reality condition on the potentials 7 is equivalent to
Sik :S;k for (.77 k) € {(172)7(173)7(273)}7

with ()* as defined in (31). The goal of this section is thus to solve the following Monodromy
Problem

Sék = S;k for (4, k) S {(172)7 (1,3), (273)}
(42) Zm? =1
j=1

using a similar implicit function theorem as in [19, 20]. Note that it remains to show that
the so-constructed real holomorphic sections are negative (and in the component of twistor
lines). This is done in Corollary [36| below.
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4.1. Setup. Asin [20], let P = &(z = 1) and Q = ®(z = i), where we omitted the index ¢.
Then the traces s, are given by squares of holomorphic functions in terms of the entries of
P = (Pij) and Q = (Q;;) as follows:

Proposition 32. With the notation above we have

(43) s12 = 2 — 4p
(44) s23 = 2 — 4q°
(45) 513 = 2 — 4‘(2
with

p=P11Pa — P12Pa2, q=1(Q11921 + Q12922)

and

7 7
o= 5(7322911 + P12Qa1)? + 5(7322Q12 + P12Q22)?

7 7
—§(P21Q11 + P11Q2)* — §(P21Q12 + P11Q2)%

Proof. The equations and have been proven in [20, Proposition 16]. It remains to

show . Using the symmetries § and 7o § which fix z = 1 and z = i respectively we have
as in [20), Proposition 16]

®(400) = PCP1C, ®(+i0) = QDCQtCc D!
My = ®(+00)®(+ico) ™!, Ms = DM, D!
This gives with C? = D? = —Id and CD = —DC'
MMz = —(PCP~'C~'DCQC~'D'Q ' D)? = — (PCP 'DQCDQ 'D)’.
For A € SL(2,C) we have

(46)

trace(—A?) = 2 — trace(A)?,
hence holds with
v = %traee (PCP'DQDCQ'D)
which coincides with the formula given in Proposition [32] after a tedious computation. U

Proposition 33. Attt =0, we have

with derivatives
p'(0) =273, ¢'(0) =272y and v'(0) = 2mx.

Proof. At t =0 we have 1; = 0 thus all monodromies are trivial and P = Q = I» from which
the first point follows. For the assertion on the derivatives define as in [20]

(47) %) = [ e

for j = 1,2, 3, where the integral is computed on the segment from 0 to z. Then

3 3
P0) =) z;(1)m;, and Q(0) = x;Q;(i)my,
j=1 j=1
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from which we can compute

p'(0) = P31 (0) — Pi(0) = —2ia3Q5(1)

q'(0) = i(Q5,(0) + Q12(0)) = 2iz2 (i)

v(0) = i(P33(0) + 11(0) — P11(0) — Q5(0)) = —2iz1 (A (1) — Qu (7))
By the Residue Theorem, we have for j =1,2,3

1 1 i i
2m':/ Wj:/ Wj—/ T*wj—/ wj—l-/ (16)*wj.
" 0 0 0 0

Using the symmetries , this gives
(48) Ql(l) — Ql(Z) = 7Ti, QQ(Z) = —m and 93(1) =T
proving Proposition [33] O

In view of Proposition the monodromy problem can be reformulated to be

p=p"
qg=q"
(49) t=1"

3
2 __
Yai=1
=

and the following proposition implies that it suffices to consider two amongst the three traces.

Proposition 34. Assume that (x1(t), x2(t), z3(t)) are analytic functions of t in a neighbor-
hood of t = 0 with x;(0) = x; and solving the following equations for all t

p=p"
qg=4q°

(50) 5

Then also v = t* for all t. Analogous statements hold by cyclic permutation of p, q,t.

Proof. Let
U=s12, V=s93 W=s13 and s = trace(My)
as in Proposition [31] satisfying the quadratic equation
Q=U?+V2 4 W HUVW —22(U+V +W)+4(s>—1)+s* =0.
By substitution of U =2 —4p%, V =2 — 4q? and W = 2 — 4¢2, Q factors as
Q=QiQ2 with Q;=s"+4(p* +a° + 1> —1) +8(~1)pqr.

Since Q = 0 for all ¢, and @1, Q2 are analytic functions of ¢, one of them must be identically
zero. Let

A = 64(1 — p?)(1 — %) — 1652
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be the discriminant of this );, seen as a polynomial in the variable t. Since P, Q are well-
defined analytic functions of ¢ (with values in W,), t is a well-defined analytic function in ¢
as well and A admits a well-defined square root § such that

- 1)
e = (—1) g+ ¢

for all t. From the hypotheses of the proposition, we have A = A* so §* = £§ where the sign
€ = £1 does not depend on t because t* is a well-defined analytic function in ¢. Hence

¢ = (—1) g 4 e,

8
The sign € can be determined using the first order derivatives at ¢ = 0. We have
5 o’
v =2mx, = S and " = 2ma} =27z, = £g
so since 2, # 0, € = 1. Hence v = ¢* for all ¢. (]

4.2. Solving the Monodromy Problem. The moduli space of Higgs fieldson V =0 & O
is identified with the completion of the nilpotent orbit in s[(2,C) which in turn is given by
the blow-up of C2/Zs at the origin. Consider first the regular case of (u,v) € C%\ {(0,0)}
and consider the quadratic polynomials

Pi(A) = Az;(A) = 2, A" + 200 — T
and denote their discriminants by

Aj =iy + 4z €R.

Proposition 35.

(1) The polynomial P; has a complex root yuj with |p;| < 1 if and only if z; o # 0. In this
case pj € Dy depends real-analytically on (u,v).

(2) With the same notation, Py(pj) and Py(pj) are R-independent complex number if
{j, k, 0} ={1,2,3}.

Proof. It z; 1 = 0, the first point is trivial, because in this case Pj = z; g A. Therefore, z; o #0
is equivalent to p; = 0 which is constant in (u,v). Hence assume in the following z;; # 0.

(1) If pis a root of P, then p # 0 and z; = ] gives that —% # p is the other root of
P;. Thus

1
|M|:1<:>,u_ﬁ:0<:>lj,0:0'
For x;0 # 0 the root p; with |p;| < 1 is given by

T Zjo + Sign(gj’o)\/Aj
Hi= 2x
i‘%l

which we may rewrite as

_ 2y (4|$j’1|2> with f(z)= Y22 —1

Hj 2
Z5,0 ZTio z

The function f extends holomorphically to z = 0, therefore p; depends analytically
on (u,v).



LOOP GROUP METHODS FOR THE NON-ABELIAN HODGE CORRESPONDENCE 25

o prove the second point, assume for simplicity of notation that j = 1. Suppose by

2) T th d point for simplicity of notation that j = 1. S b
contradiction that Py(u1) and Ps(u1) are linearly dependent over R. First assume that
p1 # 0. Then the complex numbers xo(p1), z5(p1) are linealy dependent. Moreover,

zy(p1) =0so
2o (p1)? + z3(p1)* = 1

and this implies that z5(pu1) and z3(pu2) are real. Since all z;,  are real, we obtain
T —Tpapy €ER for k=1,2,3.
Then

3
> (e — T ')’ 2 0.
k=1

Expanding the squares and using 22:1 Qig = 0 we obtain

3
Z |2y,47 <0
k=1

which implies u = v = 0 which is a contradiction.
If 41 = 0, we have P»(0) = 2o _; and P3(0) = z3_;. From P1(0) = z; _; = 0 we
obtain

£37—1 + Eg,—l =0

and since zo _; and z3_; are linearly dependent over R, z, ; = x3_; = 0 which
again results in ©u = v = 0 leading to a contradiction.

O

Theorem 4. Fiz (u,v) # (0,0), which determines z; _; for j =1,2,3. Then there are ¢g > 0
and a > 1 such that there exists unique values of the parameters v = (r1, 9, x3) € (WZY)? in
a neighborhood of z for all t € (—ep, €g) depending analytically on (t,p,u,v) solving with
x(0) = z and prescribed xj 1(t) = x; 1. Moreover, ¢g and a > 1 are uniform with respect to
(p,u,v) on compact subsets of CT x C?\ {(0,0)}.

Proof. Fix (u,v) # (0,0). By Proposition , at least one of the polynomials P; has a root
5 inside the unit A-disc. By symmetry of the roles played by the parameters p, q, t, we may
assume without loss of generality that j = 1. By Proposition [34] it suffices to solve Problem
(50). We fix a > 1 such that a|u1| < 1 and consider the corresponding functional space W20,
We introduce a parameter y = (y1,%2,¥3) in a neighborhood of 0 in (W=?)3 and take

xk:$k+yka k:17273

Note that the negative part of the potential is fixed to its initial value xx 1 = zj, _;. Since p
and q are analytic functions of (¢,y) which vanish at ¢ = 0, the functions

R 1 . 1
P(t,y)zyﬂ(t,y) and q(t,y)ZEq(t,y)

extend analytically at ¢ = 0 and by Proposition [33] we have at ¢ = 0

p(0,y) = 27m(z3 +y3) and q(0,y) = 27 (zy + o).
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We define
(51) 3 3

Then solving Problem is equlvalent to Solvmg the equations F = G =0 and £ = 1. By
our choice of the central value, these equations holds at (¢,y) = (0,0). By definition we have
F* = —F so F =0 is equivalent to F* = 0 and Im(F") = 0, and the analogous statement
holds for G as well. We have

dF(0,0)" = 2rdys
Im(dF(0,0)") = 27Im(dys o)

dG(0,0)" = 2ndyy
Im(dG(0,0)°) = 27Tm(dys).

(52)

Clearly the partial differential of
(F*, G+, Im(F?), Im(G?))
with respect to

(v3,y3 . Im(y2,0), Im(ys0))
is an automorphism of (W;")? x R2. The Implicit Function Theorem therefore unicquely de-
termines (y3,v3 , Im(y2,0), Im(ys,0)) as analytic functions of ¢ and the remaining parameters,
namely y1, Re(y2,0) and Re(ys o). Furthermore, the partial differential of (y3 , y5, Im(y2,0), Im(ys0))
with respect to these remaining parameters is zero.

It remains to solve the equation K = 1. We write the Euclidean division of the polynomial
P, by (A — 1) as

Py(A) = (A — 1) Qp + Pr(p1)
with Qj € C[A]. Note that the Q) are analytic in (u,v) by Proposition[35] Observe that since

3
2 —
2 k1 =
K has no A~2 term so MC € W29, We write the division of AKX by (A — 1) as

MC=(A—p)S+R

where R € C and S € W=, Note that since |u1| < 1, R and S are analytic functions of
all parameters by [20, Proposition 4]. We have, since P;(u1) = 0 and dy; = Re(dyg) for
k=23

3
d(AK)(0,0) = > 2P())dy
k=1

3
= 2(A— p1)Qrdyr + Z 2((X — p1)Qr + Pr(p1))Re(dyg,0)
k=2
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so by uniqueness of the division
dR(0,0) = 2P5(u1)Re(dy2,0) + 2P3(p1)Re(dys o)
dS(0,0) = 2Q1dy1 + 2Q2Re(dy2,0) + 2Q3Re(dys ).
If ;  # 0, we have py # 0 and the other root of P is —1/7i1 so

1
=z, [ A+ —
o 1’1< Ml)

is invertible in W29 because \Tlll > a. (It is elementary that A — ¢ is invertible in W20 if and
only if |¢| > a.)

If 1, =0, we have

Pl - El’o)\

so Q1 = x79 € C* is invertible in W2Z0 as well. By Proposition Py(p1) and Ps(pq)
are R-independent complex numbers. Hence the partial differential of (S,R) with respect
to (y1,Re(y20), Re(ys0)) is an isomorphism from W20 x R? to W20 x C. The Implicit
Function Theorem uniquely determines y1, Re(y2,0) and Re(ys ) as analytic functions of ¢ in
a neighborhood of 0. U

4.3. The limit (u,v) — (0,0). Since the limit Higgs bundle moduli space is given by the
blow up of C2/Z? at the origin, rather than expecting the solution z(t,p,u,v) to extend
continuously to (u,v) = (0,0), the limit should depend on the direction in the blow-up. We
write

w=ri and v=r0 with |3+ 2> =1.
Let 0 < |r| < 3 so that (u,v) # (0,0). With a slight abuse of notation, we write z =

x(t,p,r,0,0). Observe that (u,v) — (—u, —v) does not change the initial value z, so the map
x(t,p,r,0,0) is even with respect to r.

Our goal is to prove
Theorem 5.

(1) There exists e2 > 0 such that for |t| < €2, the function x(t, p,r, 0, V) extends analytically

atr = 0. Moreover, €3 is uniform with respect to p in compact subsets of C* and (U, )
in S3.
(2) At r =0, x(t,p,0,u,) does not depend on A\ and solves the following problem:

(59 {aU € SL(2,C), Vk, UMU~! € SU(2)

m%+x%+m§zl.

(3) At (t,r) = (0,0), we have

1= —(|a]® = |9*), x2=—2Re (175) and z3=—2Im (ﬂ%) )

Point (2) of the Theorem shows that the constructed real sections lie in the same connected
component as unitary flat connections, solutions with Higgs field ¥ = 0, which are negative,
showing that our approach is a complex analytic way of constructing twistor lines.

Corollary 36. The real sections constructed in Theorem []] and Theorem [J] are twistor lines.
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Proof of Theorem[3 Rewrite the central value z in terms of (r,u,?) as

2~ —1 |~ 2~
T =10 AT ()T 0+ T A

) £j
with
Iy, =00, Ip_y= %(%2 - ﬁQ), T3 _q = %(ﬁ2 +772),
El,o = |ﬂ|2 _ |5|2’ Too =2Re (ﬂv) , Z39=2Im (uv) ,
zj,l - _Ej,—l
and

Observe that

3 3
(54) Zii,fl =0, sz,o =1, Zik,flzk,o =0

k=1 k=1 k=1
and
> 1
(55) Z 2 1]? = 3
k=1

For given (@, ?) € §?, fix j € {1,2,3} such that Z;, # 0. (This is possible by Equation (54)).
We take as ansatz that the parameter y; is of the following form

(56) yi = Y0+ 77y with gFewf.

We solve the equations F = G = 0 using the Implicit Function Theorem as in Section |4.2
This determines the parameters y;” and Im(yxo) with k # j as functions of (¢,7) and the
remaining parameters y;, gj and Re(yr,0) with & # j. Moreover, at r = 0, y;-r = 0 and
y,j = 0 solves F* = GT = 0. Since g}, is an even function of 7, this means that we can also
write for k # j
Yk = Yko + 770 with FF e W+,
We decompose K = 23 + 23 + 23 as
K=K_ AN 4+ Kg+KT with KT ewt.

When r = 0, K does not depend on A, i.e., K_; = 0 and K+ = 0. Being even functions
of r, this means that X_; = r 2K_; and KT = r2K* extend analytically at »r = 0. More
explicitly,

~ 1 ~a ~ i 2
K = (7’2%,71)‘ Lt PLpo+ 7’2£k,1)\ + Yko + sz;—;)

x5
w |l w
—

= (Zp0+ yk70)2 + 2r? (Z1.0 + Yr0) (@ A+ A+ T5) + o)
1

b
Il
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from which we obtain at r =0
3

/E_l lr—0 = 2 Z (Ek,o + Z/k,O) Ek,—l
k=1

3

Kolr=o =Y (Zj0+ Uko)
k=1
R 3
K* |r=o =2 Z (Zro +yr0) @pa A+ ) -
k=1

In particular, at the central value y = 0, we have by Equation that oy =1, 16_1 =0 and
K+ =0 and the differentials with respect to y at (t,7,y) = (0,0,0) are

3
dK_1 =2) ) ydyep
k=1
3
o =2 Tt odyro
k=1

3
AT =2 Ty odiif + A2y, 1 dyio-
k=1
Keep in mind that gj,j and Im(yY) for k # j have already been determined and their differential
at (t,7) = (0,0) is zero. Consider the polynomials
Jsk(/\) =Tp oA+ Tp 4
and let fi; be the root of P;. Then

dK_1 + Ji;dKo = 2 Pe(fij)Re(dyg,o).
k#j
By Claim below, this is an isomorphism from R? to C. Hence the partial derivative of
(K_1,Ko, KT) with respect to (Re(dyr,0)) ks yJO-, 37;“) is an isomorphism from R? x C x W+
to C? x W+. By the Implicit Function Theorem, there thus exists €; > 0 such that for [t| < e
and |r| < €1, there exists unique values of the parameters which solve Problem . When
€1/2 < |r| < 1/2, Theorem 4| gives us a uniform ¢y > 0 such that for |t| < €, there exists
unique values of the parameters which solve Problem . They certainly satisfy the ansatz
since |r| > €;/2. Take ea = min(e1, €9). In the overlap €;/2 < |r| < €1, the solutions
agree by uniqueness of the implicit function theorem. U

Claim 37. For k # j the two complex numbers ﬁ’k(ﬁ]) are linearly independent over R.

Proof. Assume for the simplicity of notation that j = 1 and that 152(/71) and ]53(/71) are
linearly dependent. If py # 0, let

~o1 T~ ~ ~ o~
ap = iy Pe(fin) =Ty o+ Ty 18, -
Using Equation (b4) we have

3
Zai =1.

k=1
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Since a1 = 0 and a9, a3 are linearly dependent and all o must be real numbers. Since ik,O
are real, each @h_lﬂfl must be real. Then using Equation again, we have

3

Z(Ek,flﬁl_ly =0

k=1
implying that &, _; = 0 for all £ contradicting Equation .

If up =0, then @y _y = 0. Then if Z, _,, Z3 _; are linearly dependent, we would obtain

3
Z(Ek,fl)z =0,

k=1

which again gives Z; _; = 0 for all k contradicting Equation . U

Remark 38. The constructed twistor lines are uniquely determined by the residue Aj(t, \)
at z = p of the potential ny. The deformation of A = Ay in the parameter t can in fact be
expressed by a Laz pair type equation

A=A, X],

for some X € ATsl(2,C). Moreover, X unique up to adding g - A, where g: X — g(\) is
holomorphic around A = 0.

To see this recall
A:< 1 x2+i$3>
To — QT3 —x1
satisfies det A = —1 and thus A?> = 1d. Therefore, A’A + AA" = 0 which gives

/ / /
121 + o2 + T373 = 0.

. ! Iy o
Az(,ggl./ x2—|—3x3> and X:<a ﬁ).
Th—ixh -} v -«

Then we can choose X to be given by

Let

o = —3(x0 —ixs)(zh +ixh) + TR
(57) B = 1wy (xh + iaf§) + (v2 +ixs)R
v

= —%xl(m'z —ixh) + (zg — iz3)(R + a).

. _ 1 / - ! r1,—1 -
with R = 75(932’0 + sz,o)m chosen to remove the negative powers of A.

5. THE HYPER-KAHLER STRUCTURE AND THE NON-ABELIAN HODGE CORRESPONDENCE
AT t =10

In this section, we derive first consequences from our complex analytic approach to the non-
abelian Hodge correspondence by varying the parabolic weight t. In particular, we can ex-
plicitly describe the (rescaled) metric and the non-abelian Hodge correspondence at the limit
t = 0. We then compute the first order derivatives with respect to ¢ at t = 0.
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5.1. The non-abelian Hodge correspondence at ¢ = (0. The non-abelian Hodge corre-
spondence on the rank 2 hermitian bundle V is a diffeomorphism that associates to each stable
Higgs pair (Oy, ®) the flat connection VA=! of the associated family. In the case of Fuch-
sian potentials on a 4—punctured sphere with parabolic weight ¢, the underlying holomorphic
structure is trivial and the Higgs pair is specified by the Higgs field only. Due to the sym-
metries, the residue at p € CT already determines the Higgs field and since Zj‘:l :E%il =0,
this residue is nilpotent. On the other hand, the connection 1—form for the flat SL(2,C)-
connection V=1 is determined by A1 (X = 1) satisfying det Ay = —1 and traceA; = 0. Hence
Ay lies in the SL(2, C) adjoint orbit of (§ ;).

Consider the complex 3-dimensional vector space s[(2,C) with its complex bilinear inner
product
1
<& >= 5 tr(én).

Then its associated quadratic form is the determinant det. Decompose sl(2, C) into real sub-
spaces

50(2,C) = su(2) @ isu(2)
consisting of the subspace of skew-hermitian (A = —AT) and the subspace of hermitian

symmetric (A = AT) and trace-free matrices. Note that < .,. > is positive-definite on the
3-dimensional real subspace su(2) and negative definite on isu(2).

Lemma 39. There is a diffeomorphism between the nilpotent orbit in sl(2, C) and the SL(2,C)-
orbit through ((1) _01) away from hermitian symmetric matrices.

Proof. Let U be an element in the nilpotent orbit. Then, ® = ¥ — U7 is skew-hermitian and
there is a unique skew-hermitian N € su(2) of length 1 such that
<N, U —U0T >=0, <N,iU+:07 >=0
and
Nx (U -0 =N v -9 =i + 40T
Moreover,

Ay =1+ <P, >iN 4+ ® € 51(2,C)

has determinant -1 and the map
U A\I/

is smooth. Note that

AN =230 4+ 1+ < ,0 >iN — \UT
is of the form (30). Plugging in the formulas for the Higgs filed ¥ in terms of the (u,v)

coordinates, we obtain that /14+ < ®, P > iN is the constant term of the initial values and
this fixes the sign of p to be negative.

For the reverse, let A € s[(2,C) be of determinant —1, such that A is not hermitian symmetric,
ie.,

1 _
= (A - ATy £ 0.
Since det(A) = —1 and < .,. > is positive definite on su(2), also
£:=1(A+ A7)
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does not vanish. Define

V<& E>

Note that < N,® >= 0 since det(A) is real. Then,
Uy:=3(®—iN x )

& € su(2).

is nilpotent, and
Moreover,

is also smooth. O

We identify the nilpotent orbit
C*\ {(0,0)}/Zy = {¥ € 51(2,C) | U # 0; det(¥) = 0}
via
vt —uv

(v,u) = U = (“;’ ‘“2> ,

which is 2 : 1 as +(u,v) maps onto the same W. Note that
v (“) =0.
v

Theorem 6. The diffeomorphism in Lemma [39 extends to a diffeomorphism of the blow-up
of C?/Zs at (0,0) which is T*CP?, to the full adjoint SL(2, C)-orbit through (§ % ). This is

the limit the non-abelian Hodge correspondence for t — 0.

And we obtain

Proof. Take u = 7% and v = 70 with |%i|?> = [9]?> = 1 and r € R~q and consider r — 0. Let
W(u,v) = r2U(%,7) be the associated nilpotent matrix. Then the map ¥ — Ay extends to
r =0 with

lim Ay, ) = iN

r—0 (u0)

with N € su(2,C) of length 1 satisfying

~ ~ =T ~ ~ =T
<N, U-¥ >=0 and < N,iVU+4+i¥U >=0.

Moreover, all hermitian symmetric matrices of determinant —1 can be realized as a limit. [

5.2. The rescaled metric at ¢t = 0. We have seen that the Higgs bundle moduli space at
t = 0 is the completion of the nilpotent SL(2, C)-orbit, and that the deRham moduli space at
¢t = 0 is the SL(2, C)-orbit through (§ % ). Next, we derive that the rescaled limit metric is
the Eguchi-Hanson metric. Note that the scaling factor is chosen so that the central sphere
CP'in M Higgs, Which is the moduli space of semi-stable parabolic bundles (i.e., Higgs pairs
with vanishing Higgs fields), has constant area with respect to the weight ¢.
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To identify the limit hyper-Kéahler metric at ¢ = 0 we first compute the twisted symplectic

!
form. Consider the moduli space Mk of logarithmic connections V on the 4-punctured sphere
¥ such that its residue Res, (V) at the puncture p; lies in the conjugacy class of

(1 0
K0 -1
P _ 1

for some coprime integers [,k with 0 < ¢ < 5 and every j = 1,...,4. Consider the k-fold
covering ¥, of CP! defined by the equation

k_ (z=p1)(z —ps)

(2 —p2)(z — pa)
totally branched over p1, ..., ps, and let 7: ¥, — CP! denote the covering map. Then 7*V is
gauge equivalent to a smooth (flat) connection on ¥ equivariant with respect to the natural
Zy, action on Y. In this sense, the moduli space of logarithmic connections on the 4-punctured
sphere ¥ with rational weights % can be identified with a complex subspace of the moduli
space of all flat connections on ¥j (away from reducible connections). By uniqueness of the
non-abelian Hodge correspondence and due to the equivariance of the pull-back connections,

!
ME is a holomorphic submanifold with respect to both complex structures I, J on Mgp(Xg).

!
Theorem 7. Consider the hyper-Kdhler subspace MFE of Mgsp(Xk), and the open subset

!
U C Mk whose associated families of flat connections are given by pull-backs of Fuchsian
potentials n on some (punctured) a-disc in . Let n € U and consider tangent vectors

[X,] € Tm/\/lé
represented by meromorphic 1-forms
X, e HY(Z, K ® (A\2ATs1(2,C)))
q = 1,2 with first order poles on the J-punctured sphere. Then,

4
(58) @y ([Xa], [Xa]) = omik? Ztrace( Resp, (n)[Resp,; (X1), Resp, (X2)] ),
j=1

where ©o s as in .

Proof. The factor k® comes from the fact that we have to take pull-backs to a k-fold covering
totally branched over pi...,ps, and that we pull-back three different 1-forms. The theorem
is therefore a direct consequence of Corollary 21| with Proposition after identifying twistor
lines in the Deligne-Hitchin moduli space with the associated C*-families of flat connections
as in , as the tangent vectors are meromorphic and only the residue terms remain. O
Remark 40. On the 4-punctured sphere with rational weights é we consider M% as the
complex submanifold of equivariant solutions upstairs on Y. The moduli space of self-duality
solutions Mgp(Xx) is hyper-Kdhler with respect to Hitchin’s metric. This therefore induces a

hyper-Kdhler structure downstairs on Mé This hyper-Kdhler structure extends to irrational
weights t using the real analytic dependence of harmonic metrics on the parabolic weights [23].
The hyper-Kihler structure on M should coincide with the one defined by Konno [24] directly
for the moduli space of strongly parabolic Higgs bundles on the 4-punctured sphere (up to a
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normalizing factor), but we have not found a proper reference. In the following, we therefore
use the (rescaled) twisted holomorphic symplectz'c form

27” Z trace(B;[dBj N dBj))
on the moduli space of Fuchsian systems
d+ Z Bj—

with det(Bj) = —t*. Note that this (rescaled) twisted holomorphic symplectic form coincides
with the natural twisted holomorphic symplectic form upstairs when t = %, and it coincides at

each puncture with 1 (instead of t13) times the Kirillov symplectic form on the adjoint orbit

through ( ) By contmuzty (in t) the twistor construction gives rise to a positive definite
complete hyper Kiahler metric such that the (rescaled) volume of (semi-stable) parabolic bundles
(i.e., Higgs pairs with vanishing parabolic Higgs fields) is constant in t.

Corollary 41. Let t ~ 0 and consider the space of solutions (parametrized by (u,v) € C?\
{(0,0)}) provided by Theorem[4] and Theorem[5 In terms of the parameters x1(X), z2(X), z3(N)
m , the rescaled twisted holomorphic symplectic form is given by
dro N dxsg

il '

w = 327

Proof. By construction all 4 residues give the same contribution and residues are given by
Bj = tA;. Therefore, a direct computation shows that
(59) trace[(B1[dB1 A dBy]) = —4it3(:nldx2 A dxs — xodry A dxs + xadry A dzg).
On the other hand,
0 = z1dx1 + xodxs + x3d23
which combines with to
dxog Nd
thrace[(Bl [dBl A dB1]) = 27Titrace[(A1[dA1 A dAl]) = 87Tu
1
proving the corollary. O

To explicitly compute the rescaled twisted symplectic form in Corollary at t = 0 let
A = Aj(\) be the residue of the rescaled potential %nt:o at £ = 0. Recall that

2 2 2 - o
1w —u lu|* — |v| 2uT —uv  —v
A=A < v —uw ) T < 2uv [v]? — |ul? +A ut uw )’

i.e., we compute the symplectic form using the Higgs field coordinates (u,v). Let r? =
lu|? + |v]? and p = —v/1+ 7%, A direct computation then gives at ¢t =0

2
(60) w:64m'< T:);Md Adi — A~ 1du/\dv—|—p du A dv
6 2
— % i A dv — A A di — T+Lu|dv/\dv>.
pr pr

On the other hand,
w = Ail(wt] + in) — 2wy — )\(WJ — in)
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from which we obtain

32mi
wy = G
pr

wy = 327 (—du A dv + du A dv)
wrg = =327 (du A dv + du A dv) .

(% + |v]*)du A du — wv du A dv + wv da A dv + (r® + [u]?)dv A dv)

Proof of Theorem[1] Since (u,v) corresponds to Higgs bundle coordinates, we use the complex
structure I to compute g = wy(.,I.). Consider the tangent space basis

B = (Fu Far oo v)

Then the complex structure I can be represented by the matrix
(Il 0O
i
0| —1I

g = 3271'\/1+T*4[du®dﬁ+dﬂ®du+dv®dﬁ+cﬁ@dv—

and we obtain
1 _ o
v (du @ dv + dv ® du) + ut(dv ® dii + da @ dv) + v3(dv ® dv + dv ® dv))}

which by [25, Equation 2| identifies with the Eguchi-Hanson metric with n = 2 and a = 1
scaled by 327. U

5.3. The complex structure J and K in terms of Higgs field coordinates at ¢t = 0.
Next we compute the complex structure J. With respect to the basis B the symplectic form
wy is represented by the matrix

. —N| 0 . 0 1
Matg(w.s) —32772( T TN ) with N = < 10 )

Thus the matrix representing the complex structure J is given by

_ 1 _ i (N[ O 0B\ _ —i 0 |NB
Matp(J) = Matp(wy)” Matp(g) = o ( 0 ‘ N > ( E‘ 0 = P ~ET 0

with

- 6 2
B —uv 0 + |ul
NB = ( —76 — |v|? uw ) '

Similarly the complex structure K is then given by

N |0
Matg(wg) = —32m < 0N >

Matp(K) = Matp(wx) ™' Matp(g) = — < —é\f _(;\7 > < g g > - ( % ]\gB )

or6 o6

One can then check that J? = K2 = —Id and IJ = K as expected and the complex structure
J is that of the adjoint SL(2,C) orbit through (§ % ).
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5.4. First order approximations. The main advantage of the implicit function theorem
approach is that we obtain, analogously to [20], an iterative way of computing the power
series expansion of the twistor lines leading to an approach towards explicitly computing the
non-abelian Hodge correspondence and all involved geometric quantities in this symmetric
setup. In this section we first compute the first order derivatives of the parameters from
which in particular first order derivatives of the relative twisted holomorphic symplectic form
is computed, which yield derivatives of the non-abelian Hodge correspondence as well as
derivatives of the hyper-Kéhler metric.

5.4.1. First order derivatives of the parameters. In order to write down closed form formulas
for the to be computed derivatives we define for 1 < 7,k < 3 and wy, §2; given in and

, respectively,

ij(z) = / ijk-

0
The shuffle relation (see e.g. |20, Appendix|) then gives
(61) Q]Qk = ij + ij.

Let () and ()" denote the first and second order derivatives of a quantity with respect to ¢ at
t = 0. Then the following Proposition holds.

Proposition 42. The first order derivatives m; for j = 1,2,3 are polynomials of degree at

most 2 in \:
xh =

with the positive parts given by

/ / ! 2 _ I\+
.fj,o + .'I}j71/\ + fL'jQA = .’I)j70 + (xj)

(@) = 2 1n(@a1(1) + Q) ()"
(62) ()" = = T @1(9) (2425) "
41

(a5)" = — Im(@ (1)) (2122)",

and the constant terms given by

xho = ﬁ ((Jul* = [ X = 2pwY)
1 B
(63) Tho = e (2Re(u®)X — p(v? —u?)Y)
-1
aho=— (2Im(uv)X — pi(u® +v?)Y),

where % = |u|? + |v|* and

(64)

and the s and @, are determined from (62).
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Remark 43. The required §) integrals are computed in Proposition [{3 which gives
2 — p?+1
2p |

Tm(Qo1 (1)) = 2 log |2

and Im(Qs31(7)) = —2mlog

Proof. Let ® be the fundamental solution of the equation d®; = ®;n; with ®4(0) = Id. Recall
that m:—g = 0 and therefore ®,—¢ = Id. Differentiating the equation d®; = &1, twice at t = 0
we thus obtain

d(I)” — 77// + 2@/ /
hence

(I)”(Z)—/ (77//+2(I),77/)-
0

Then we have using the proof of Proposition [33]
3 3 3
n = Zgjwjmj, ' = 2Zngjmj, n' = QZx;-wjmj.
j=1 j=1 j=1

This gives

0 " .CU&QQ — ’iiL‘éQg —x’lﬁl
and

/'Z Bl — S0 225+ dywy(Qsp — Qag) £1£2g912 = Q1) + iz 25(s — Q) |
0 2129(Qo1 — Qo) + iz 23 (s — Q1) D5y 275 + izpwy(Qoz — Q32)
Using Leibniz rule, the shuffle relation and that we solved Equation 48 we obtain
p’ = Ply— Py +2(P11 P31 — P12Pss)
= —4ixéQg(1) + 4@1£2 (921(1) — 912(1)) + 4&1Q291(1)QQ(1)

0" = i(Q3 + Q) +2i(Q1; Qo + 2129)
= 4izyDy(i) — Az 23(Q3(i) — Ds1(4)) + 4212300 (1)Q23(1)

(66) = Amxh + 8z125031(4).
Since we have solved p(t) = p(t)* for all ¢, we have p” = (p”)*. Moreover, z; = z7, hence
(67) dmaly — dm(ah)* = —16i z25Im(Qa1(1)).
Projecting onto W and remembering that 2’ € W=, we obtain the formula for (x4)" stated
in Equation , by keeping in mind that (x,z,)" is a degree-2 polynomial. In the same vein
q" = (q")" gives
(68) draly — dm(xh)* = —16i z,25Tm(Q31 (7))
which determines (a5)*.
For ()" consider the equation K = 1 which holds for all ¢. Therefore,

3
(69) K'=0= 22%3:;.
j=1
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Then K’ = K'* and Equations (67), give the equation

(70) Az x) — drxy (2))* = 160 2 2925Im (o (1) + Q31(7)).
Dividing by z; # 0 and taking the positive part determines (z})".

To compute the constant terms, we consider the coefficients of A™1, A\Y and \ in K:

3
/o A
KLy=2) 2,750 =0
=1

3
;7 / ry
0=2) (20750 +aj_1751) =0
j=1
3

;r / / /
Ky =2 (220 + 202, + zj_17)5)
=1

which yield the system of equations

3
/ _

D a7, =0
=1

3

/ _

D et =—X
=1

3
/ —_
Y owjrhy =Y
=1

with X, Y as in Proposition Its determinant simplifies to

1
6
det(z; 1)1<j<3,~1<k<1 = CLAE

Using the Cramer rule, we obtain after simplification.

O

Remark 44. The second derivative of t is computed in the following. Through the character
variety equation and the formulas for p” and q" it will give rise to an Q-identity. Using

Proposition [39 we have
= i[sz + 2Py Q11 + Q11 + 2P19 Q1 — 2Py Q1p — Py — 2P Q9o — Qi
+(Phy + Q)% + (Pia + Qi2)? — (P + 951)* — (P + @)’

= [Py — P14+ Q1 — Qoy + 2(Ply — Py )(Q1a + 51) + (Pl2)” — (Py)? + (Q12)* — (Q,21)2]

where we used that Py + Pyy = Q1 + Qb = 0. This gives

=i = A (1) + dizazs(Q3(1) — Q32(1)) + 4211 (0) — dizgwy(Qa3 (i) — Q32(i))

+8i£2§393(1)92(i) + 4i§2§393(1)92(1) + 4i§2£392 (Z)Qg(l)]
(7T1) = 4rz) — 8zyws (Q23(1) + Qa2(i) + 7°)

using that we solved Equation and the shuffle relation . Observe the similarity with
and . Remember from the proof of Proposition that p, q and t satisfy the character

variety equation for all t

(72) dcos(2mt)® +4(p* +¢* + 1% — 1) + 8(=1) pgr = 0
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with either j = 1 or j = 2. Taking the third order derivative of the above equation yields

(since p(0) = q(0) = £(0) = 0)
pp” + q’q" + o+ 2( 1)7p'q'e =

Using Proposition and Equations (65} , , we then obtain

872 (217 + Ty + 247Yy) + 1672 Tox5 (Qo1 (1) + Q31 (3) — Qo (1) — Q32() — 7% + (—1)77?) = 0.

The first summand vanishes, as 3 + x3 + 23 = 1 for all t, thus

921(1)+931(i)—923(1)—932()—71' +( 1)7‘(’ =0.

i /4

In the most symmetric case of the 4-punctured sphere where p = e we have by symmetry

Q31(71) = —Qo1(1)  and Qs2(1) = —Qa3(i).
Hence j = 2 and we have proved the following identity that holds for all p € C*:
(73) Qo3(1) 4+ Q32(7) = Q21 (1) + Q31(7).
Proposition 45. For p € CT we have

-1
Q21(1) = 2milog <p21p )

2 +1
Q31(i) = —2mi IOg <p 2_; >

where log denote the principal valuation of the logarithm on C\ R™.

Proof. We first prove the Proposition for p = ¥ with 0 < ¢ < m/2. In that case, we have by
[20, Proposition 35|

Qo1(1) — Q92(1) = 4milog(sin ¢)) — i(m — 2¢p) log (1 ; Zzzgg)

Q31(2) — Q3(i) = —4milog(cos(yp)) + 2iplog (1;21223

On the other hand, by the shuffle product formula and using

(74)

Qo1(1) 4+ D2(1) = Q1 (1)Q(1) = i(r — 2¢) log (HOS(‘P))

1+ cos(y)
31(7) + Qu3(7) = D (9)Q3(7) = —2iplog (1:22220 ‘

Hence
Q21 (1) = 2milog(sin )
Q31(7) = —2milog(cos(y)
proving the result for p = e’#.

For p € CT, both & _1 and 2= are in C\ R~ and both sides of the formulas of Proposition

are well-defined holomorphlc functions in p € C* which coincide when p € C* N S', therefore
they are equal. O
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5.5. First order derivative of the metric. By Corollary 41| we have for all ¢

dzo N dxsg
T

w = 327

Since we prescribe the Higgs field in our construction, we have that the complex structure I is
independent of ¢ and therefore also the holomorphic symplectic forms w j+iwg are independent
of t. This gives that the first order derivatives of the twisted holomorphic symplectic form is
given by the derivative of its constant term

32 (-331,0
L1,-1

(75) wy = —2wy = dIQ,fl N d£37,1 + d$270 N d£37,1 + d£2,71 AN :L‘370> .

L1,-1

Using the formulas for 27 ,, a:’2 o and 2% o, we obtain

(76) o, = 2w 921 [( rt + 3w +uv)?) [of* +7° (Juf* = |vf*)] du A du
N 12831 931 D1 4 3@ — am)?) [of? + 7 (o — [uf?)] du A d
i 12821“‘ 921 [(r4 3(wv + uv)?) W + 8 (—ww — 3uv)] du A dv
N 1281 931 D (20— 30 — um)2) 70 + 1 (@0 — 3um)] du A do
4 128¢ Im 921 [(T4 3(@v +uv)?) wv + r® (—uv — 3uw) | dv A du
N 128zIm 931 [( rt — 3(aw — uv)?) uv + r® (uv — 3uw)] dv A du
N 128”“:48921 [(=r* + 3@ + uv)?) [ul +r® (Jo]* — [uf*)] dv A do
4 128“%931(2 [(r* + 3@ —w)?) [ul + 1% (|u]” = [0]*)] dv A do.

Note that the terms du A dv and du A dv vanish as expected, and the required -integrals are
given by Proposition

5.6. Energy. Analogously to [20], equation (34)] and similar to the derivation of Corollary
the general formula for the (rescaled) L2-energy of the real section 7 is given by

E=Adn Z Resg, trace (77_1Gj71Gj_73>
J

on the covering surface X, where Gj = G0 + Gj1A + ... is a desingularizing gauge.

This energy is the harmonic map energy of the (smooth) equivariant harmonic map for rational
t= é on the compact surface ¥, and it is a Kéhler potential for the metric with respect to
the complex structure J, see [21].

Assume that t = 29% and let 7 : 2 — ¥ be the g+ 1 covering. A desingularizing gauge in a

neighborhood of p; is
1 0 -+ 0
1‘2+i$13 0 0 \/E
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with w a local coordinate such that w9t = z — p;. Then

x1,-1(w20 + ix30) (x9,—1 —ixg,—1)(x2,0 +ix3,0)
=1-x10—

~ -1
Resz, trace (77—1G1 1G ) =1-x10+
D1 110 1,0 :
To 1+ T3 1 T1,-1

By the substitution (z1,x2,x3) — (—21, —x2,23)
(w2,-1 +ix31)(T20 — i23)0)
T1-1

Resg, trace (ﬁ_lGZle_’é) =1+x19 +
and substituting (x1, z2, x3) — (21, —z2, —x3) we obtain for k = 1,2

Resp, ,trace (ﬁfleH,lGixg,g) = Resjp, trace <ﬁ,1Gk71G,;é)

This gives

E=8n <1 + (—wo, 1230 + $2,ox3,_1)> .

x1,—
Using the central value of the palrametle:rs1 we find at ¢ = 0 that
(77) E=8r(1—pr?) =8r(1+V1+7r4),
with 72 = |u|? + |v|?. The first order derivatives of the parameters then gives
(78) E = 8Im(Q1(1)) (Jul* + |v]* — 3u*v?® — 3u®v? — 4|ul?|v|?)
—8Tm(Q31(3)) (Jul* + |v[* + 38%0? + 3u*v* — 4|u|?|v[?) .
For the most symmetric case of p = ¢/4, using Qo1 (1) = —milog(2) from Appendix A of [20]
and Q31(7) = —Q921(1), this simplifies to
(79) &' = —16mlog(2) (Jul* + |v[* — 4|ul*|v]?) .

6. HIGHER ORDER DERIVATIVES

6.1. The algorithm. Just as in [20, Section 5| we give an iterative algorithm for computing
higher order derivatives of the parameters in terms of the multiple polylogarithm (MPL)
function. The difference to the minimal surface case [20] is that we have no extrinsic closing
conditions but complex parameters here.

The computation of the higher order derivatives of the parameters involves the iterated integral
2, ... i, defined recursively by

z
(80) Qily"'yin(’z) :/ Qil»"'vinflwin7
0

where w; is as in for i = 1,2,3. It is shown in |20, A.3] that (and how) these iterated
integrals can be expressed in terms of multiple polylogarithm Liy, . ,,. For positive integers
n1,...,ng € Zsg, and z; € C? in the region given by |z; ... z4| < 1, the multiple polylogarithm
Lip, ... n, is defined by

k1 kq
Z DY Z
. 1 d
LIN17---,nd(Z17 SRR Zd) = E oLl pnd s
0<ki<ka<-<kg d

This function is extended to a multivalued function by analytic continuation. Here the depth
d counts the number of indices n1,...,nq, and the weight is given by the sum ny + - - -+ ng of
the indices. The functions €, ... ;,(2) can be expressed in terms of multiple polylogarithms
of depth n and weight n.
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In the following we denote by acz(n), P Q) the n-th order derivatives of z;, P, Q with
respect to t at t = 0 and we suppress the dependence of (u,v) and p.

Proposition 46. Forn >1 and 1 <1i < 3, ﬂ?z(»n) are polynomials (with respect to X) of degree
at most n+1 and the coefficients of Pt Q1) ure Laurent polynomials of degree at most
n—+ 1, which can be expressed explicitly in terms of multiple-polylogarithms of depth n+1 and
weight n + 1.

Proof. The proof is by induction on n. Let H, be the statement of the proposition. We have
already proved Hp in Section Fix n > 1 and assume that Hj is true for all 1 < k < n
and let the index ‘lower’ denote all terms of a quantity that depends only on derivatives of
lower order. As in [20), Proposition 37| we have:

n+1
pntl) _ §+ M E (”+1 f)m Qi (1)
= (10 R A ALURER
—1

01,050

with

We rewrite this as

lower

PO+ — (n 4 1) Za: m (1) + P

with
n+1
(n+1) _ (n+1)! (n+1-0)
Pl:wer - Z (n +1— g)[ Z l’zi - ig mil;“,izQil,-",ie(l)'
=2 i1, i

Similar formula holds for Q1) with Q;, ... ;,(1) replaced by ;, ... ;,(i). Using Leibniz rule
we have

p D = 27 (n + 1) + ptD)

lower

with

n - 1 . . . §
plovj; z <n+ ) ( )73( k) 73&)7%2“ k)) +p! +17) _ p(nt1)
k=1

and from p(® 1) = (p(»+1))* we obtain by taking the positive part:

(e _ L (n+1) (n+1)y+
(1‘3 ) - 27T(7’L+ 1) <(plower) (plower) )

In the same way
gD = 2m(n + Dy + gl Y

lower

with
(n+1) n+1 (n+1—k) (n+1—k) +1) (n+1)
qlgwer - ZZ < k (Qll Q 1 + QIQ Q “ ) +1 Ql:wer 21 +1 Qlc?wer 12
k=1

and we obtain !
v+ — = (gD (n+1)\+
( ) 27r(n + 1) <(qlower ) ( lower ) ) .
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By inspection and the induction hypothesis, (xén)) and (x4 (n )) are polynomials of degree at
most n + 1.

(n)

Remark 47. We could also determine Im(z3,) and Im(:cQO) from the zero part of p(™

<>b

(p™)* and g™ = (q)*, but it is simpler to determine the three complex parameters z;o by
solving a complex linear system, see below.

Using Leibnitz rule:

0 =KK™ —ZZ:Ex(n)—I-IC( n)
i=1

lower
/\
A

(81) P\ + Pyl + Pyl = —f/d Y Pyt - Py(a)t

lower

with

|
—

n

3
lower E :

=1

We multiply by A and obtain (recall that P;

i

The right side of is already known and is a polynomial in A of degree at most n + 3.

Hence Pl:rgn) is a polynomial of degree at most n + 3. When u ~ v, P; has two roots in

(n)

Dy, so since 7~ cannot have poles in D,, it must be a polynomial of degree at most n + 1.
This remains true for all (u,v) by analyticity. Let @, R be the quotient and remainder of the
division of the right side of with respect to P;. Then

(wgn))+ — Q+
and looking at the coefficients of A%, A! and A\? in , we obtain a system of three complex
(n) (n) (n)

equations with unknowns z; 4, x5 5 and x5 5, whose determinant is
det s = 2ipr8 £0
(2i5) =m0 = 3

O

As a direct corollary we can express the hyper-Kéhler metric of the moduli space M(¢) in
terms of multiple polylogarithms.

Proof of Theorem[3 By twistor theory, we can compute the hyper-Kéahler metric explicitly in
terms of the relative holomorphic symplectic form w = 3277M Since 1, T2, x3 depend
real analytic on ¢ the theorem follows from Proposition [46] O

The algorithm has been implemented and using Mathematica we obtain, for example, for
p= ei7r/4
—327

2 " —
(52) =2

(]u\z — \0\2)2(37“8 +2rt + 4\u!2\vl2) log(2)2.
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6.2. Results for the nilpotent cone of the most symmetric case. Note that all compu-
tations in the following is conducted and simplified using Mathematica. The fully documented
Mathematica notebook can be downloaded on the webpage
http://www.lmpt.univ-tours.fr/“traizet/

We restrict to the case p = ¢4 and assume v = pu, i.e., by we are in the nilpotent cone.
The computations of higher order derivatives then simplify to:

E"=0

(83) E" =192 7|ul* (127|u|* + 20) ¢(3)

where ( is the Riemann (-function. If <o denotes the restriction of w to the nilpotent cone,
we obtain

&’ = 256 7i|u|? log(2) du A du

@' =0
(84) & = 30727 ¢(3)(127]u|® + 10[u|?) du A da.
6.3. New ()-identities. Write
w = Z wk)\k.
k=0

We can compute @y, for k = 0,1,2... from the derivatives of the parameters. On the other
hand, we know from section and Corollary [41] that w} = 0 for k¥ > 1, and also

" o -0
wO,u,v - wO,ﬂ,E - Y
Note that @ 5 = 0 is trivial because of (75)) and because dzy _; and dx3 _; are holomorphic

1-forms so vanish on ((%, %) On the other hand, wf] u,p = 01s not trivial and gives identities

involving Q-integrals. In this section, we use the notation

Qiyoin = iy (1) and - Oy i = Qi) i, (4).

)

From
32 7(1://
oy = —— ( 1’Odﬂﬂ'z—l/\d953—1‘|‘d95/2,0/\dﬂ€3—1“‘dﬂcz—l/\%%)
o \zy g > ; , ; : ;
we obtain
1" 32p _9_  _ _9 — _3 _3 _
(85) Douw = [6(vu”v — wv?) (I + I1) + 8(T’v — uv’)(Iz + I2)
=6 06 95 =5
un VU 3u’v  3uv —
—_ - =+ — - Is+ I
(Us e 2 2 >(3+ 3)]
with

I = 6m(Q333 — O222) + i((Q21)% + (O31)?) + 27 (203 — O332) — 87(Q311 — O211) + 10i€291 O34
Iy = i((Q91)% — (031)2) + 2m(Q2a3 + O332 + Q311 + O211) — 47(Q333 + O292)
I3 = —i((Q21)% + (031)%) + 2m(Q333 — O202 — D293 + O332) — 2i€)21O3;.
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Since wg’um =0, I1, Is and I3 are pure imaginary. Since they are holomorphic functions of

p € Ct, they must be constant. We find the constants by evaluating at p = e/, where all
integrals are known from [20, Appendix|, and find

L = —i%
Ib=0
I3 = —im?.

Using the elementary values

im3

1 - 1
Q333 = 6(93)3 =5 and Oag = 6(@2)2 = —

we obtain the following identities for all p € C*:

Qo234+ Q311 = —5=(Q21)?

(86) O211 + O332 = 5-(O31)?
\ i
Q23 — O330 = —5= (21 + O31)° + -

From higher order derivatives in t and higher order terms wy, we expect a hierarchy of identities
for Q-values. Another source of identities is the character variety of the 4-punctured sphere.
Analogously to Remark , taking the 4th-order derivative of gives rise to the following
three identities, which express linear combinations of (2-integrals of depth 3 as a function of
Q-integrals of depth at most 2, and are non-trivial in the sense that they do not follow from
shuffle product relations alone:

(87) Qo12 — ©1210212 =
i3,

1 1 1 1 1 1
—Q - -0 — — Qo+ Qo + 0102 — -0,02 —
5 1012 5 1021 5 Stfhe + S0l + S 4@192 i

N 3003, Q1 N 0303 N inQ? N i3 w2y i

47 2 47 4 4 4 + 6

(88) Q31 + Q313 — O313 =
0%,
47

1 1 1 1 1. 5 1. 5 1.
591931 — 591913 + 5@3@13 — 5@3@31 + 191@3 + 19193 — 191@3 —
3i03%, 101303 N i0303 ity Qs inQ3 3wy ind

4 2T 47 2 2 2 + 4 3

(89) Qg2 — O323 =

1 1 1 1 1 1
592923 - 592932 + 593932 — 593921 + O303 + 593923 - 593931
8291093 1023203 i 31291031 132031 91030 102303

2 2 2w 2 2 2
3103, 03, 03, 3i03, inQ3 irO3
- - — i Qo1 — iT)
T i dn T 4x g T Timimmimis
3

— imB93 — iwO31 — 7T292 + 772@3 - %
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