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ABSTRACT

A new class of isomonodromy equations will be introduced and shown to admit Kac-Moody Weyl group sym-
metries. This puts into a general context some results of Okamoto on the 4th, 5th and 6th Painlevé equations, and shows
where such Kac-Moody Weyl groups and root systems occur “in nature”. A key point is that one may go beyond the class
of affine Kac—Moody root systems. As examples, by considering certain hyperbolic Kac-Moody Dynkin diagrams, we find
there is a sequence of higher order Painlevé systems lying over each of the classical Painlevé equations. This leads to a
conjecture about the Hilbert scheme of points on some Hitchin systems.
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1. Introduction

The aim of this article is to introduce and study a new system of isomonodromic
deformation equations. The best known isomonodromy equations are the Schlesinger
equations [55] controlling deformations of Fuchsian systems on the Riemann sphere.
Geometrically these equations constitute a nonlinear flat connection on a bundle

M*xB—B
over a space of parameters (the “times”) B = G" \ diagonals, where
(0 % - x 0,)/GL,(C)

1s the symplectic quotient of a product of coadjoint orbits. This nonlinear connection
may be interpreted as a non-Abelian analogue of the Gauss—Manin connection (cf. [6]
Section 7) and admits degenerations into Hitchin-type integrable systems (cf. [23]). Thus
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in general one may view an “isomonodromy system” as a system of nonlinear differential
equations obtained by deforming a Hitchin integrable system (and whose solutions will
involve more complicated functions, such as the Painlevé transcendents, than the Abelian
or theta functions involved in solving such integrable systems).

The next simplest family of isomonodromy equations are due to Jimbo—Miwa—
Mori—Sato (JMMS [27]) and arose as equations for correlation functions of the quantum
nonlinear Schrodinger equation. The JMMS equations are the isomonodromic deforma-
tion equations for linear differential systems of the form

d "R,
(1.1) o (T0+Z )

Z—1

(where Tj is a diagonal matrix) having an irregular singularity at z = 00. A remarkable
feature of the JMMS equations is that there are now two sets of times: one may deform
the pole positions (the ¢, as in the Fuchsian case) as well as the eigenvalues of T (the
“Irregular times”). Further Harnad [26] has shown that the JMMS equations admit a
symmetry under which one may swap the roles of the two sets of times.

In this article we will write down and study the “next simplest” class of isomon-
odromy equations, which are even more symmetric: in effect the two set of times are
extended to £ sets of times, all of which may be permuted, and Harnad’s discrete duality
1s extended to an action of a continuous SLy(C) symmetry group. (Further, a Hamilto-
nian formulation will be given enabling the definition of new 7 functions.)

One motivation to study such symmetric isomonodromy systems was to better un-
derstand and generalise the affine Weyl symmetry groups of the Painlevé equations. In
effect the Painlevé equations are the simplest examples of isomonodromy equations: they
are the second order nonlinear differential equations which arise as the explicit form of
the isomonodromy connection when the fibres have dimension two, i.e. dim¢ M* = 2.
Okamoto has shown that the six Painlevé equations admit certain affine Weyl symme-
try groups [45—48], and this is intriguing since the underlying root systems are not im-
mediately apparent from the geometry. For example the simplest nontrivial case of the
Schlesinger equations is equivalent to the Painlevé VI equation, which has symmetry
group the affine Weyl group of type D,. However no link to the loop group of SOg is
manifest (one starts with a Fuchsian system with four poles on a rank two bundle). Simi-
larly Painlevé V has affine A symmetry group and Painlevé IV has affine Ay symmetry

FiG. 1. — Affine Dynkin diagrams for Painlevé equations IV, V and VI



SIMPLY-LACED ISOMONODROMY SYSTEMS 3

group, as indicated in Figure | (the other cases are not simply-laced and will be ignored
here for simplicity).

In the second part of this article (Section 9) we will single out a large class of
graphs which contains these three graphs, and attach an isomonodromy system to each
such graph (and some data on the graph), such that the corresponding Kac-Moody Weyl
group acts by symmetries, relating the corresponding isomonodromy systems. Thus any
such graph appears as a “Dynkin diagram” for an isomonodromy system. The class of
graphs for which this result holds contains all the complete £-partite graphs for any £ (and
in particular all the complete graphs). For example one may ask why there is no second
order Painlevé equation attached to the pentagon (the affine Ay Dynkin diagram): from
our viewpoint this is because it is not a complete k-partite graph for any £, whereas the
triangle and the square are (as is the four-pointed star).

A simple corollary of this way of thinking is that we are able to canonically attach
an isomonodromy system of order 2n (i.e. dimg M* = 2n) to each of the six Painlevé
equations for each integer n =1, 2, 3,4, ... so that the n =1 case is isomorphic to the
original Painlevé system. (These “higher Painlevé systems” look to be completely different
to the well-known “Painlevé hierarchies”).

In the remainder of this introduction we will recall more background, summarise
the main result, and describe the JMMS equations from our point of view, serving as the
main prototype for the extension we have in mind.

1.1. Further remarks and viewpoints. — (1) In 1981 a quite general isomonodromy
system was established by Jimbo-Miwa—Ueno [28], controlling isomonodromic deforma-
tions of linear differential systems whose most singular coefficient has distinct eigenvalues
at each pole. This work was revisited from a moduli theoretic viewpoint in [6] and the
symplectic nature of these (JMU) equations was established. More general moduli spaces
were then constructed, without the distinct eigenvalue condition, in [5] (in fact in arbi-
trary genus and with compatible parabolic structures and stability conditions) and shown
to be hyperkahler manifolds. The distinct eigenvalue condition implies that in general the
JMU equations are not symmetric, and so here we go back and generalise in a different
direction the earlier viewpoint of [27]. This is guided by the descriptions in [27, 26, 6]
of the moduli spaces involved as symplectic quotients, enabling us to see that some of
them are isomorphic to (Nakajima) quiver varieties, and thus how the graphs arise from

F1G6. 2. — Dynkin diagrams for simply-laced higher Painlevé systems hPyy, hPy, hPy;
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the geometry (cf. [16] in the Fuchsian case and [11] Exercise 3 for early examples in
the irregular case). A new viewpoint we have found very useful here is to identify certain
quiver varieties (or twisted versions of them) as moduli spaces of presentations of modules
for the first Weyl algebra.

(2) Noumi—Yamada ([41] Problem 5.1) considered the problem of finding systems
of nonlinear differential equations for each affine root system (or more generally for each
generalised Cartan matrix) on which the corresponding Weyl group acts as Backlund
transformations. As an example in [42] (see also Noumi’s ICM talk [40]) they wrote
down a sequence of isomonodromy equations for each of the type A affine Weyl groups,
generalising the Painlevé IV and V equations. See also various articles of Y. Sasano such
as [54]. (Note they have also found [43] a direct link between Py and SO(8).) Their work
is in a sense orthogonal to ours: although we consider a much larger class of Kac-Moody
root systems, whereas they only construct systems in certain affine Kac-Moody cases,
the intersection of the set of our graphs with theirs is amongst the usual second order
Painlevé equations. (I do not know if there is some common generalisation.)

(3) The graphs we are using give a reasonably efficient way to start to classify
some isomonodromy systems (or at least to tell when they might be isomorphic). Some
four dimensional examples were found in this way in [10] by looking amongst the hy-
perbolic Kac-Moody graphs (the next simplest class after the affine ones). Not every
1somonodromy system will be simply-laced though of course. Some other possible ap-
proaches to such questions are as follows. (1) Recall that Cosgrove (e.g. in [14]) has done
much work classifying higher order equations with the Painlevé property although his ap-
proach seems difficult for higher rank equations (e.g. sixth order). (i) On the other hand
Malgrange [35] and Umemura [57] have introduced a nonlinear differential Galois the-
ory which one might hope would help with such classification, although it turns out that
the strength of their theory is its vast generality and present results suggest it does not
even distinguish amongst the six Painlevé equations themselves (when they have generic
parameters).!

(4) In essence we are associating what might be called a “wild non-Abelian Hodge
structure” to a certain class of graphs with some extra data on them. This structure con-
sists of a hyperkihler manifold M (as in [5]) which in one complex structure is a moduli
space of meromorphic connections and in another is a space of meromorphic Higgs
bundles. The isomonodromy system 1s naturally associated to this structure (it controls
the isomonodromic deformations of the meromorphic connections). It seems that the
work of S. Szabo [56] (interpreting certain Fourier-Laplace transforms as Nahm trans-
forms) can be extended to show that the full hyperkiahler metric is also preserved by all
the Kac-Moody Weyl group symmetries.

! One could see this attempt to classify such nonlinear algebraic differential equations as a basic step in “differential
algebraic geometry”—the extension of algebraic geometry obtained by allowing derivatives in the equations—the isomon-
odromy equations should form a basic class of objects to be studied, much as Abelian varieties or Calabi-Yau manifolds
are in classical algebraic geometry. On the other hand one can view this subject as a half-way step to “noncommutative
algebraic geometry”.
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FiG. 3. — Complete k-partite graphs from partitions of N < 6 (omitting the stars G(1,7) and the totally disconnected
graphs G(n))

1.2. Summary of main result. — The main result involves a class of graphs that we
will call supernova graphs (cf. Definition 9.1), generalising the class of star-shaped graphs.
In brief G is a supernova graph with nodes Tif for some £ there is a complete k-partite
subgraph G C G with nodes I C T, and G is obtained from G by gluing on some legs. In
turn recall a complete £-partite graph is a graph whose nodes

1=UL
J€J

are partitioned into parts parameterised by a set J with |J| = £, and two nodes of G are
Joined by a single edge if and only if they are not in the same part.
Let G be a supernova graph and choose data d, A, a, consisting of:

(1) Aninteger d; > 0 for each node ¢ € T,
(2) A scalar A; € C for each 1 € T, such that > ridi =0,
(3) A distinct point ¢; of the Riemann sphere for each part j € J.

Theorem 1.1. — o There is an isomonodromy system

(1.2) M:(A,d,a) xB—B



6 PHILIP BOALCH

w/zer? L‘/z.e space. of lfzm.es s B = ]_[jeJ(CU' \ diagonals). 1 controls isomonodromic deformations of
certain linear differential systems on bundles of rank

(1.3) > d,

where oo, C 115 the part with a; = 00.
o Ifie€lisanodeof G and ); 7 O then there is an isomorphism of isomonodromy systems

M (x,d,a) x B= M (r0), 5(d), a) x B

where s;, 1; are the simple reflections (and dual simple reflections) generating the Weyl group of the Rac—
Moody root system attached to the graph G.
o [f g € SLy(C) then there is an isomorphism

M(A,d, g(a)) x BE M5, d,a) x B
of isomonodromy systems, where g acts on a by diagonal Mabius transformations.

Also, in Section 10, precise criteria involving the Kac-Moody root system will be
established for when the spaces M?* are nonempty—this is an additive, irregular ana-
logue of the Deligne—Simpson problem. Notice in particular that the action of SLy(C)
enables us to change the ranks appearing in (1.3), by moving different points g; to 00.
Once we have this possibility it is straightforward to obtain all the reflections geomet-
rically. (This extends the viewpoint of [8, 9] which derived the action of the Okamoto
symmetries of Painlevé VI on linear monodromy data from Harnad duality/Fourier—
Laplace.)

1.3. Prototype: The lifted JMMS equations. — By writing the (lifted) JMMS equations
in a slightly novel way we will show how graphs appear naturally. In particular we will
explain how the square (which Okamoto attached to Painlevé V) emerges from the view-
point of [27] Appendix 5. Our main result is obtained by extending this to include the
triangle.

Choose two finite dimensional complex vector spaces Wy, W4, and consider the
space M = Hom(W;, W) @ Hom(We,, Wy). The (lifted) JMMS equations govern how
(P, Q) € M should vary with respect to some times Ty, To, and we will write these
equations in the following form:

dQ = QPO + QPQ + TyQdTs + dToQT

(1.4)  _
—dP =PQP + POP + T PdT, + dTPT,.

Here T, T are semisimple matrices T € End(W,), Ts, € End(W4,) which may
have repeated eigenvalues, but are restricted so that no further eigenvalues are allowed
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to coalesce, and the corresponding eigenspace decompositions of Wy, W4, are held con-
stant. The tilde operation appearing in (1.4) is defined as follows: if R € End(W;) then

R:=ad;'[¢T;, R]

which is a one-form with values in the image in End(W;) of ady,. (To see this makes sense
note that ady, is invertible when restricted to its image.) These equations are known to
have the Painlevé property and special cases include the fifth and sixth Painlevé equations.
Indeed for example in a special case they imply the Schlesinger equations: if one restricts
to the case when Tj = 0 then (1.4) simplifies to

dQ =QPQ,  dP=—PQP.

It follows immediately that if we write To, = Y £1d; where Id; is the idempotent
for the ¢th eigenspace of T, and set R; = QId,;P € End(W,) then

dR; == [R;, R}]dlog(t; — 4)
JF

which are the Schlesinger equations. They govern the isomonodromic deformations of
a logarithmic connection on the vector bundle Wy x P! — P'. In general the JMMS
equations govern the isomonodromic deformations of a meromorphic connection (corre-
sponding to the differential system (1.1)) on the vector bundle Wy x P! — P! having an
irregular singularity of Poincaré rank one and arbitrarily many logarithmic singularities.
Although quite general nonlinear isomonodromy equations have been written down by
Jimbo-Miwa—Ueno [28], the JMMS equations are notable since they have the following
symmetry (now quite transparent in the way we are writing the equations):

Theorem 1.2 (Harnad duality [26]). — The permutation
(W09 Wooa Pv QJ TOa Too) = (WOO9 WOa Q; _P7 _Toov TO)
preserves the JMMS equations.

This 1s remarkable since it implies that the same equations also control isomon-
odromic deformations of a connection on the vector bundle W, x P! — P!, which of
course will in general have different rank.

Our basic aim is to show that the JMMS equations have a natural generalisation
that admits an enriched symmetry group. To describe the picture let us first describe the
combinatorics of Harnad’s duality in terms of graphs. First consider the graph with two
nodes labelled by 0 and 0o connected by a single edge. We put the vector space W; at the
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node j for j = 0, 00 and view the maps P, Q) as maps in both directions along the edge.
At this level (up to a sign) Harnad duality simply flips over the graph.

P

R
PO RO
Q

The next step (which enables us to see the link to Dynkin graphs) is to refine the
above graph by splaying each node according to the eigenspaces of the times Ty, Tw. In
other words suppose W; = EBZ-GIJ, V; is the eigenspace decomposition of T} for j = 0, oo.
Then we break up the node corresponding to Wy, into |Ij| nodes and thereby splay the
graph (and similarly at the other node), as in the diagram below (for the case |I| = 3,

Loo| = 2):

O OHEME

Note that the class of refined graphs which arise in this way are precisely the complete
bipartite graphs. Now the fifth Painlevé equation is equivalent to a basic case of the JMMS
equations (appearing in the title of [27]): it occurs when both W, and W, have dimension
two and each time T} has two distinct eigenvalues. The crucial observation then is that in

this case the refined graph is a square, i.e. the affine Dynkin diagram A{" that Okamoto
associated to Painlevé V appears almost directly from the work of JMMS.

This is more than a coincidence since, as we will confirm, Harnad’s duality (and
the well-known Schlesinger/Backlund transformations) yield the Okamoto symmetries.
Moreover we see how to put this in a more general context since any complete bipartite
graph also appears in the same way.

The final step “reduction” (see Section 9) is to choose an adjoint orbit O, C
End(V;) for each node of the refined graph and quotient by the symmetry group

FiG. 4.— How A" appears in the graphical approach to the JMMS system
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[TGL(V)). In terms of graphs this will correspond to gluing a leg (a type A Dynkin
graph) onto each node of the refined graph: the resulting graph is the Dynkin diagram of
the Kac-Moody root system whose Weyl group naturally acts on the nonlinear equations.

1.4. Generalisation. — The generalisation we have in mind involves replacing the
initial graph in the JMMS story above (the interval) by an arbitrary complete graph. (Recall
that the complete graph with £ nodes has exactly one edge between any two vertices.)

Each node of the graph will be labelled by a distinct element a; € G U {o0} of the
Riemann sphere. Thus if ] is the set of nodes we may view J as a subset of the Riemann
sphere. (We will see below that 0o plays a distinguished role.) In the case of the JMMS
equations above we had J = {0, co}. As above we attach a vector space W; to each node
J €J and consider a set of times which are semisimple elements T; € End(W;) for each
J €J. The set of unknown variables in the nonlinear equations, generalising (P, Q)) above,
again consists of the linear maps in both directions along each edge:

B; € Hom(W;,W;), foralli#j¢€].
The integrable nonlinear equations we will find governing these then have the form:

dB; =Y X;B,By + BB X + dT,X;By + BiXydT) — Xud T, X,/
kej

plus some terms linear in B; that we will neglect in the introduction, where ¢; is a com-
plex number depending only on the embedding J < G U {00} and X; = ¢;B;;. (Observe
that the three quadratic terms are absent in the original JMMS equations.)

The remainder of the story is then similar to above: we splay the nodes of the
complete graph according to the eigenspaces of the times I} to obtain a refined graph.
(The class of graphs which arise in this way is exactly the class of complete k-partite
graphs.) Then we reduce as above, gluing on some legs, to obtain a graph whose Kac—
Moody Weyl group acts. The simplest case, with £ = 3 and each W; of dimension one,
1s equivalent to the fourth Painlevé equation (and the refined graph, which in this case
equals the unrefined graph, is the triangle, agreeing with Okamoto).

FiG. 5. — The sequence of complete graphs
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2. Modules over the Weyl algebra

This section describes the class of modules over the first Weyl algebra that we wish
to consider. By taking this viewpoint, rather than just that of meromorphic connections,
more symmetries are apparent. (Appendix B explains how this generalises Harnad’s du-
ality.) Choose three n X n complex matrices ¢, B, ¥ and consider the matrix

M=ad+Bz—y

with values in the first Weyl algebra A; = C(z, 3), where d = d/dz.
We wish to study (local) systems of differential equations of the form

M) =0

for a vector ¥ of holomorphic functions. This may be rephrased as the local system of
holomorphic solutions of the (left) A;-module N defined by the exact sequence

M
A4 N 0.
We will restrict to the case where o and B are commuting diagonalisable matrices
whose kernels intersect only at zero. This class of modules is clearly preserved under the
Fourier-Laplace transform, and in fact by more general symplectic transformations

(2.1) (0, 2) > (ad + bz, cd + dz)

where ad — bc=1:

Lemma 2.1. — If o and B are two commuting semisimple matrices whose kernels intersect only
at zero, then so are

ac +c¢B  and ba+dp
Jfor any complex numbers a, b, ¢, d with ad — bc = 1.

Progf: — In each joint eigenspace the corresponding pair of eigenvalues (;, ;) 13
a nonzero point of G2. We are acting on this element of G? by an invertible matrix so it
will remain nonzero. 0J

Thus such a module determines a finite number of points ¢; :=[—8; 1 ;] € P :=
P!(C) of the projective line (the minus sign appearing here will be useful later). We label
this sphere P (and call it the “Fourier sphere”) to avoid confusion later with the Riemann
sphere P! on which z is a local coordinate. Let J be the set of such points of P, and let
k =]J| be the number of points so obtained (which is in general less than the number of
joint eigenspaces, since two pairs of eigenvalues may differ by an overall scalar). For each
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point j € J there is an associated subspace W; C V := C" (the joint eigenspaces having
pairs of eigenvalues lying over j), so that V = @jej W,.

We will further assume for each j that the component of y in End(W,) is semisim-
ple.

Let oo =[1: 0] be the point of P where «; = 0, corresponding to the kernel of o
(we are not assuming o0 € J; this kernel may be trivial). Any other point of P corresponds
to a complex number (¢; = —B;/a; € C); we identify P with C U {oo} in this way.

By multiplying M on the left by a constant invertible matrix, we may then nor-
malise M uniquely so it is of the form

2.2) M = (0 1) 5+ ((1) _OA) c—y € End(Wa @ Us) ® A,

where Uy =Vo W, = @ig\{j} W;. Here A = Z#oo ald; € End(Uy) where Id; is the
idempotent for W; C V. The decomposition of V allows us to decompose End(V) as

End(V) = @ Hom(W;, W)) & EB End(W))

#j€] JeJ

and so we may decompose

y =y +y)
with respect to this decomposition. We will also write (after normalisation)

~ @ o _~_(0 P

(2.3) 8()/)_T_< T)’ 14 _F_<Q B) € End(Wo ® Uy).

Thus «, B, y determine linear maps B, T € End(Uy), C € End(W) and P: U, —
Wy and Q : Wy, = Uy and by assumption C and T are semisimple.
The corresponding system of differential equations then takes the form

(2.4) = (Az4+B+T+Q:z—C)'P)v

for a holomorphic function v (with values in Uy). This system corresponds to the mero-
morphic connection on the trivial holomorphic bundle on P! with fibre U,, determined
by the matrix of meromorphic one-forms:

(2.5) A=(Az+B+T+Q(z—C)'P)dz.

In general this connection will have a pole of order three (irregular singularity of Poincaré
rank two) at z = 00 and a simple pole (Fuchsian singularity) at each eigenvalue of C.

If instead we first perform a symplectic transform (2.1) before passing to the con-
nection (2.3) then a different connection will be obtained, usually on a different rank
bundle. Indeed if the transform movesj € J to 0o then the resulting bundle will have fibre
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U; = VS W;. On the other hand (after a generic symplectic transform) it will have fibre
V—lf no points of J are at 00. Thus in general connections will be obtained on £+ 1 bun-
dles of different ranks (and in fact on each of these bundles a whole family of connections
is obtained corresponding to the affine subgroup of SLy(C) stabilising co € P).

Our basic aim is to show that the isomonodromic deformations of such connec-
tions (on different rank bundles) are governed by the same system of nonlinear differential
equations when we vary T  and C.

3. Symplectic vector spaces

Suppose (as above) we have a finite dimensional complex vector space V graded by
a finite set J, so that V = @jej W; for subspaces W;. Consider the complex vector space

M := End(V)° = @ Hom(W,, W)
#/€]
of linear maps in both directions between each pair of distinct vector spaces W;.
Now suppose we have an injective map a : J < P = G U {oo} (as above) so we may
identify J with its image in P. Thus in effect we have a vector space W, for each p € P

(taking W, = {0} if p ¢ J). We write ¢; = a(z) for the complex number corresponding to
1 €J\ {oo}. Then we may define a complex symplectic structure on M by the formula

Tr(dB; A dB;
w=w,= Y Ir(@B; A dBy) | Y Tr(dBi A dBw)
) 2(a; — a)) .
i#€]\{oo} i€J\{oo}
where B; € Hom(W;, W;). We will sometimes write M = M, when we think of it as a

complex symplectic manifold with the symplectic form w,. If we define constants ¢; € C
for 7,j € J so that ¢; =0, ¢; = (a; — Vif 7,7 # 00 and ¢ip = | = —¢h; then

ZqﬁjTr(dB A dBj) = — ZTr(a’X A dBj)

€] ZJGI

where we have defined X;; = ¢;B; € Hom(W;, W) for all 7,; € J.
Now suppose we have matrices o, 8, y as above, and we normalise them as in (2.2).
Then for : #; € J we will identify B; above with the component of y in Hom(W;, W), so

that P has components B,;, Q has components B;,, and the Hom(W;, W;) component
of Bis B; (for : £ € J \ {00}). In these terms

(3.1) w = Tr(dQ A dP) + %Tr(dX A dB)

where X = adg1 (B) e Im(ads) C End(Uy,).
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Finally if we define 8 = ¢ (I") where ¢ : End(V) — End(V) is the linear map given
in components by (B;) = (¢;B;) (so that X; is always the Hom(W;, W;) component of
&) or in other words

(0 —p 0 P
“:<Q X) FZ(Q B)eEnd(WOOEBUoo),

then the symplectic form is
1
3.2) W= §Tr(dE/\dF).

Note the basic property of ¢, that it is skew-adjoint: Tr(¢ (E)F) = —Tr(E¢(I)).
In particular this implies Tr(EI') = 0. The key fact about these symplectic forms is the
following:

Proposition 3.1. — The symplectic form w on M is equivariant under the symplectic transfor-
mations (2.1) of M.

Said differently, given an injective map a : ] — P and a symplectic matrix g € SLy(C) we
obtain a map ¢ : M, — M,., (by acting on M with g and renormalising). We are claiming
that ¢ 1s symplectic.

Progf: — The group SLy(C) is generated by (i) the scalings (9, z) — (9/¢, ¢z) for
¢ € G*, (1) the shearings (0, z) > (0 + ¢z, 2) for ¢ € G, and (ii1) the Fourier-Laplace
transform (9, z) = (—z, d) (beware this convention is sometimes taken to be the inverse
Fourier—Laplace transform). Note that (i) and (ii) correspond (on the level of connections
(2.9)) respectively to scaling the coordinate z and to tensoring by the connection ¢zdz on
the trivial line bundle.

For (1), the resulting action on I is

0 P N 0 P/e

Q B cQ B
and a; > ¢’q; for all j. Thus I' becomes eI" where & = diag(1/c, ¢) and in turn it follows
that E becomes E¢~'. Thus from (3.2), this transformation leaves @ unchanged.

For (i1), y is unchanged and each g, is replaced by ¢; — ¢, which again fixes w.
For (ii1) recall Wy is the kernel of A (or equivalently of ), so we may write

1 0 P, P
(3.3) p=| o ., TI'=|Q, 0 By |ecEd(Ws@®W,@V')
_Ar Q,r BrO Brr
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where V' = @j £0.00 Wj 18 the “rest of V7. After Fourier—Laplace and renormalising we
then find B, I" become:

(3.4) g = 1 ., I'=e¢l
A—l

where ¢ = diag(1, —1, —A""). Noting that the roles of W, and W, have been swapped
(and @, = —1/a;), we find directly that

Lemma 3.2. — Under the Fourier—Laplace transform E becomes E' = Ze~".

Thus w in (3.2) 1s clearly preserved. 0J

In other words the above formulae define a symplectic action of SLy(C) on the
symplectic vector bundle M x PJ \ (diagonals) (with fibres M,) covering the standard
action (diagonal Mobius transformations) on the base PJ \ (diagonals).

4. Invariance of spectral invariants

As 1s by now well known, isomonodromy systems have degenerations (dating back
at least to [23]) which are isospectral integrable systems (solvable by spectral curve meth-
ods i.e. in terms of Abelian functions). Here we will briefly touch on this in our context,
focusing on the results we will need elsewhere in this article (our main interest being the
isomonodromic system, requiring in general more complicated functions to solve them).
This extends some work of Adams—Harnad-Hurtubise [1].

Suppose we fix T and A as above (except in this section we do not need to assume
T is semisimple). Let Z =7 (T, A) denote the ring of functions on M generated by the
coeflicients of the polynomial

Pk, 2) =det(z — C)det(A — (Az+B+ T+ Q(z— C)"'P)) € C[A, zl.

This 1s the ring of spectral invariants of the matrix (2.5) of meromorphic one-
forms.

Now if we perform a symplectic transformation (2.1) changing the matrix M then
the resulting matrix (2.5) (and T, A) will in general change. However it turns out that the
ring 7 is unchanged (as a ring of functions on M).

Lemma 4.1. — The equality

Pr, z) =det(ar + Bz —v)

holds, and so the symplectic transformation (2.1) (and more generally the corresponding GLo(C) action)
Just changes the coordinates A, z on C*, and thus preserves T.
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Proof. — LetN=aA+Bz—y € End(V) ® C[A, z] asin (2.2), (2.3). Now consider
the equation

1 O\ (x ¢

s
This has unique solution:
t=—P, x=z—0C, s=Q(C—2)7",
y=i—(Az+B+T+Q(z—C)"'P)

so we see that det(N) = det(x) det(y) = P(A, z) as required. Thus under the transforma-
tion (and renormalising N) P just undergoes a coordinate change (and multiplication by
an invertible constant due to the renormalisation) so Z is unchanged. O

In particular the corresponding spectral curves (cut out in G? by P (A, z)) are iso-
morphic (and the corresponding curves obtained by first clearing the factors of det(z — C)
are birational).

On the other hand we know for general reasons that Z is a Poisson commutative sub-
ring of the ring of functions on the symplectic manifold M (with the symplectic form
o determined by A). This follows for example from the Adler-Kostant-Symes theorem,
once we relate M via a moment map to an appropriate loop algebra. See Appendix A.
Moreover this approach immediately gives formulae for the (isospectral, time indepen-
dent) Hamiltonian vector fields determined by functions H € 7.

The case A =0 (so B =0 too) was studied in a sequence of papers by Adams—
Harnad—Hurtubise—Previato (starting with [2]) extending and answering questions in the
work of Moser [36]. In particular the isomorphisms above generalise the duality of 1]
which was used to explain a number of examples of integrable systems admitting different
Lax representations. Here we get more alternative Lax representations, even in the cases
considered in [1] (since we may always, using a more general symplectic transform, pass
to a system having just a pole of order three, on the trivial bundle with fibre V). Indeed
we now see the symmetric diagram in [1] p. 303, [50] p. 438 (which looks a little like two
pages of an open book, if we draw the spine vertically down the middle) has a natural
generalisation where the book has £ 4 1-pages, each page of which looks as follows (with
the spine on the left):

M

Rat(Uy, C)

N

M/H.

/

M/G. x Hy,

Rat(Us, C) /G
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Here Rat(Uy, C) is the Lie algebra of rational maps P' — End(U,) having poles
only at 0o and at the eigenvalues of C = T, the top horizontal arrow is the map I' —
B=Az+B+T+Q(z—C)"'P (and is shown to be a moment map in Lemma A.1), G,
is the subgroup of GL(Uy) centralising A and T (the subgroup of the group of global
gauge transformations of the bundle P' x Uy, — U, preserving the shape of B), and H,,
is the subgroup of GL(W) centralising C. The other ‘pages’ are obtained by performing
a transformation to move the points J C P, changing which point is at oo and thus the
spaces Uy, Woo. Note that the product G, X Hy is the centraliser in [ | GL(W,) of T,
so does not change from page to page. As in the case of [1] the bottom horizontal map
is an injective Poisson map and (at least when Tis semisimple) all the quotients here are
manifolds when restricted to dense open subsets.

In other words our space M thus generalises the “generalised Moser space” M of
Adams et al.

5. Time-dependent Hamiltonians

We will first review precisely what we mean by a time-dependent Hamiltonian
system (with multiple times), since some strictly weaker notions have been used in the
context of isomonodromy recently. This formulation (which we view as standard—as in
[27]) enables us to see the link between the isomonodromy 7-function and the time-
dependent Hamiltonians.

Let M be a complex symplectic manifold with symplectic form w, and let B be
another manifold (which will play the role of the space of times). Consider the trivial
symplectic fibre bundle

7:F.=MxB—B

with base B and fibre M. In particular the tangent space to F at any point has a splitting
into horizontal and vertical subspaces (beware that F stands for ‘“fibration’ and not for
‘fibre’ here). ~

Then a vector field X on B and a function H on F determine a vector field X =
X+ vy on F, by taking the horizontal component to equal X and the vertical component
to equal the Hamiltonian vector field vy of H, defined by dH = w(:, vy). In the case
when B has dimension one, this is just the usual notion of a time-dependent Hamiltonian,
and the flows correspond to the differential equation dm/dt = —vy(m) for m € M. In
other words if {m;} are local coordinates on M then the coordinates of a solution m(?)
evolve according to

dml-
dt

where the Poisson bracket of w is defined as usual via {f, g} = @ (v/, v,), so that vy =
{H, -}. Thus in general we would like a Hamiltonian function on F for each vector field

- {mi’ H}

on the base.
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Defimtion 5.1. — A system of time-dependent Hamiltonians on 1 :F =M x B — B 1s
a global section @ of the vector bundle w*(T*B) over F, 1.e. it is a one-form on F whose vertical
component is zero.

Thus if we have a vector field X on B then we obtain a time-dependent Hamiltonian
function H = (w, X) on F. If we have some coordinates {7} on B we may trivialise the
cotangent bundle and write

w = Z H.ds;

and then H; is the Hamiltonian function for the vector field d/94 on B. The corre-
sponding differential equations may be written as dm; = {m;, @}, where d is the exterior
derivative on B.

Said differently @ tells us how to modify the trivial connection on F to obtain a
new connection. This may be rephrased in terms of symplectic connections as follows.
First let @ = 7w be the two-form on F obtained by pulling back the form w on M along
the projection m, : F — M (coming from the fact that F is trivial as a fibration over B). In
general any two-form €2 on F which restricts to @ on each fibre determines a connection
on the bundle F — B: the field of horizontal subspaces is given by the orthocomplement
of the vertical subspace:

H,={ueT,F|Q(uv)=0foralveTM]
= Ker(T)F — T;M; u> [v > Q(u,v)])

for all p € F, which is easily seen to be complementary to the vertical subspace. Taking
Q = @ defines the trivial connection on F. The connection given by some time-dependent
Hamiltonians @ is given by the two-form

o —do

on F. Note that by assumption this will again restrict to @ on each fibre. Thus from this
point of view the time-dependent Hamiltonians give the difference between the original
trivial connection and the new (interesting) one. It is a general fact about symplectic
connections (see [24] Theorem 4) that if €2 1s closed then the local isomorphisms between
open subsets of the fibres obtained by integrating the connection, will be symplectic (and
in our situation @ — dw is clearly closed).?

We are mainly interested in the case where the resulting symplectic connection
is integrable, i.e. that the vector fields X; := d/d% + {H;, -} on F commute (for local
coordinates ¢ on B). One may readily verify that

% Tt is straightforward to check the two procedures to obtain a connection from @ agree: e.g. in coordinates if
H = (w, 9/0¢) and vy is the corresponding (vertical) Hamiltonian vector field, so that {H = w (-, vy) on each fibre. We
should check that the vector field « = 9/9¢ + vy on F (defined by the first recipe) does indeed satisty €2(«, v) = 0 for all
vertical v, where = @ — dH A dt. But this is immediate as @(u, v) = w (vy, v).
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Lemma 5.2 (Cf. [25] (1.12)). — The Lie bracket [X;, X;] is the (vertical) Hamiltonian vector
field associated to the function
g= O H = (X, X)
i o 3 i Hjr = is O
where @ =& — dw .

Thus if the connection is integrable, each function f; is constant on each fibre M of F, so
is the pullback of a function on B. One may also demand the stronger condition (“strong
integrability”), that f; = {H;, H;} = 0. In that case, since &(X;, X;) = {H,;, H;} = 0, the
restriction of dew to each solution leaf is zero, i.e. @ restricts to a closed one-form on
each solution leaf. Then, pulling back to the base, we may regard @ as a flat connection
on the trivial line bundle on B, and locally define a holomorphic function 7 on B as its
horizontal section (well defined upto a scalar multiple), so that

(5.1) dlogt =w.

This will be the case in our situation, so we will get new t functions, analogous to those
of [27, 28].

For our purposes (with M = End(V)° and w = Tr(dE A dI")/2) the following de-
scription of the Hamiltonian equations will be useful:

Lemma 5.3. — Suppose the Hamiltonian one-form @ on F =M x B — B satisfies
dww =Tr(E A duE)

Jor some M valued one-form € on ¥ with vertical component zero. Then the corresponding nonlinear
differential equations (for local sections I of ¥) are given by

dBF - g
Progf- — Suppose there is just one time ¢ and @ = Hdt, so
Tr(ENduB) =duH A dt=w (-, vy) A di
1
= —§LUHTI'(CZIME VAN dMF) A dt

=IO Tr(dME<dMF, UH>) A dt

where in the last line we use the skew-symmetry of ¢. Thus since the trace pairing
is nondegenerate we deduce (dyI, vu)dt = —&, which yields the differential equation
dU/dt = (€, d/dt), i.e. dgT" = E. (For multiple times just repeat the above argument.) [

Now we will describe the time-dependent Hamiltonian system that is the central
focus of this article.
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5.1. The space of times. — Suppose we are in the situation of Section 3 with a vector
space V and normalised matrices «, f, ¥ € End(V) determining ] CP=CU {00} and a
J-grading P;; W; of V etc. Define

T=48(y) € End(V),

to be the block-diagonal part of y and let T; € End(W;) be the component of T in
End(W)). (Thus C =T, and T is the component of Tin End(Uy).)

By hypothesis Tis semisimple and so also each T} is semisimple. (We do not make
any assumption of distinct eigenvalues—any multiplicities are permitted.) Thus each vec-
tor space W; has a finer decomposition into the eigenspaces of T}. Let I; denote the set of
eigenspaces of T; and let V; C W; be the corresponding eigenspace, for ¢ € I;. Thus

(5.2) Wi=@V: sothat V=EPV,
€l 1€l

where I = |_|].eJ I;. The space of times B is the space of T such that the decomposition
(5.2) does not change. Explicitly we may write

T = Z t1d;
el

for some complex numbers #, where Id; € End(V) is the idempotent for V;. Thus T is
identified with a point {#} of G! and the space of times with an open subset of C':

B= {TZ Ztildi

el

t; € Gandifi, ¢ €I for somej €] then ¢; # ti/}.

Thus B = I1,;(C%'\ {diagonals}). In particular the fundamental group of B is a product
of Artin braid groups.

5.2. Hamultonians. — The Hamiltonian one-form on F=M x B — B we are in-
terested in is given by the expression:

5.3) o =w)+ o

where

1~ -
wy = §Tr(EF8(EF)) — Tr(Ey BdT),

o =Tr(X*TdT) + Tr(PAQT d Ts),

and ET = ad7'[4T, ET].
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This determines a symplectic connection ® — d and thus some nonlinear dif-
ferential equations for I' as a function of the times T. These equations will be written
explicitly in Section 7 below. Our next aim is to establish the following, which is one of
the main results of this article.

Theorem 5.4. — The one-form @ s mvariant under all the symplectic transformations (2.1)
up to some simple global gauge transforms. These gauge transformations are tangent to the symmetries of
M and so the reduced equations are completely invariant.

Before proving this we will first discuss such gauge transformations. Suppose g :

B — GL(V) is a holomorphic map such that for each T € B the map '~ glg ' is a
well-defined symplectic automorphism of M. Then there is a new connection on F whose
horizontal sections are I' = g"g~" with [’y constant (and g varying over B). The gauge

transformations we will need are of this form where
(5.4) o(T) = exp(AT?/2) € GL(V)

for some constant A € End(V) of the form A = Z Ajld; where A; € G and Id; is the
idempotent for W; C V. The horizontal sections of the new connection then satlsfy dgl’ =
[0,T] where 0 = g~ 'dg = ATdT. In turn if follows from Lemma 5.3 that a two-form on
F for the new connection is

&' =o+ Tr(dE[O,T]) =&+ dTr(I' E6)

so the gauge transformation corresponds to a Hamiltonian term Tr(I" £6). Two examples
will cover the cases we need.

Example 3.5. — For example if A; = 0 for all j € J\ {o0} then the Hamiltonian term
1s Tr(I'E0) = Ao Tr(PQT d T).

Example 5.6. — As a second example suppose A; = aj_l if y € J\ {0,00} and is
zero otherwise. Then using the notation of (3.3) the Hamiltonian term is Tr(I'E0) =

Te((BoXo, + B, X, — Q,P)6) where 6, = 3" . o o) TidT;/a; = A7V T,dT,.

Proof (of Theorem 5.4). — From the discussion in Section 3 it is immediate that @y
1s invariant under all the symplectic transformations (for example under the Fourier—
Laplace transform y, I', &, T become e ey, el’, Be™ L eT respectively and the factors of &
cancel each other, noting also that § (& ET) does not change when T is replaced by ST) We
should check that the change in | may be compensated for by gauge transformations of
the symplectic fibration F — B. As before, we go through the subgroups generating the

symplectic group.
(i) For the scalings, each of Q, B and T is scaled by ¢ € C*, A by ¢* and P, T, X
by ¢! and so both terms of @ are invariant.
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(i) For the shearings, y is unchanged and A becomes A — ¢Id for a constant ¢ € C.
Thus X = adXIB, and therefore the term Tr(X*TdT), is unchanged. However
from the final term we pick up an extra term —¢Tr(PQT«dTs). This may be
removed by the gauge transformations of Example 5.5 with Ao, = ¢. Note that
in fact Example 5.5 computes the gauge transform of the trivial connection @
whereas we are interested in the transform of ® — deo . However the difference
1s the same in both cases since @ is invariant under the action of g (and indeed
this holds for all transformations of the form (5.4)).

(i11) For the Fourier-Laplace transform, using the formulae (3.4) we find @} minus
its transformed version is

Tr((X,0Xo, + X2 — Q,PA™ — X,AX,A”)T,dT)

which simplifies further to equal the term Tr(I" £60) in Example 5.6, appearirg
from the gauge transformation by g = exp(A~'"T?/2).

5.3. Further properties of the Hamultonians. —

Theorem 5.7. — Let w =), H,dl; be the Hamiltonian one-form (5.3) so H; is a_function
on the total space F. Then for all 1,5 € I:

(1) {H;, H;} = 0 as_functions on any fibre M of F,
(i) oH;/0¢ = dH;/0¢

and consequently the nonlinear connection on' ¥ determaned by @ s integrable and the restriction of @ to
each solution leaf is closed (so new T _functions may be defined by (5.1)).

Proof. — For the first property we will show that each H; is in the subring Z of the
functions on M defined in Section 4. The result then follows as Z is Poisson commutative.
If : € I, we claim that

1
H, = ERCS,-TF(AB)

where B is the matrix valued rational function Az+B+T+Q(z—C)"'Pon P!, A = Bdz
and Res; denotes the residue at ¢ (an eigenvalue of C = T). This shows that H; is the
restriction of an invariant function on the loop algebra, and so H; is in Z by the Adler—
Kostant-Symes theorem (see Appendix A). The claim itself will be established in proof
of Theorem 5.9 below. If 7 € I; and j # 00 then we can do a symplectic transform to
move j € P to 00 and repeat as above. However the Hamiltonians are not quite invariant
under the symplectic transformations: we need to check that when we twist by the gauge
transformations the result stays in Z. It is sufficient to check that all the terms that modify
the Hamiltonians, induced by gauge transformations, are themselves in Z. These terms
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are of the form Tr(I"E6) (where 6 = KTdT). Expanding this out we see the Hamiltonian
terms are of the form

— Z A Tr(Q Py tids;
el
for constants A;. Here Q,=T"0¢;:V, - Vand P;= —m;0 E:V = V, where (; and 7;

are the inclusion and projection for V; C V.= @) V;. Thus (since ¢ is held constant in (i)
it is sufficient to verify the following.

Lemma 5.8. — For any i € 1 the function Tr(Q P;) on M isin Z.

Progf. — For i € 1, this is clear since TrQ ;P; is the residue of Tr.A at z = ¢; and this
is the restriction of an Ad-invariant function on the loop algebra, so the result follows from
the Adler-Kostant—Symes theorem. For i € I;,j # 00 we may do a symplectic transform
to move j € P to 0o: we may write Tr(Q ;P;) = —Tr(I'ld;E) = —Tr(Id;EI") where Id,
is the idempotent for V; C V. From the results of Section 3, this expression Tr(Id;2I")
1s invariant under the symplectic transformations, so again Tr(Q ;P;) is the trace of a
residue and thus in Z. O

Thus H; € 7 for all ¢ and so they all Poisson commute. The second property is a
straightforward verification. The integrability now follows from Lemma 5.2. 0J

Note that we will see below in Section 9 that —P,Q) ; is a moment map for the
natural action of GL(V;) on M, and so each of the functions Tr(Q ;P;) is constant on
the reduced manifolds (the symplectic quotients of M)—i.e. the gauge transformations
only change the reduced Hamiltonians by constants and so will not change the reduced
differential equations.

Theorem 5.9. — The Hamiltonian one-form @ in (5.3) equals wo, + ) .y w; where
w; = %Respli (TrAB)dl;
and
oo = Reso Tr((d,8)g ' 2dT)
Jor any formal series g =1+ g1/z+ - - putting A into_formal normal form at z = 0.
Here A = Bdz, and g is discussed fully in Appendix C.
Proof. — Computing the residues at finite distance yields
(5.5) Z w; = Tr(PAQCAC) + Tr(P(B + T)QdC) + Tr(PQPQ)/2

1€l
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where C = Ty,. At z =100, by writing g =1 + g,/z+ g/2* + - - we find
W = —ResoTr(g1d1dz/2) = Tr(g,dT).
This is more difficult to compute explicitly. The result is

(5.6) Tr(QTPdT) — Tr(XTXdT) + Tr(X*TdT)
+ Tr([X, QP14T) — Tr(XBXdT)
+ Tr(QPS(QP)) /2 + Tr(QPs(XB)) + Tr(XBS(XB))/2.

See Appendix C for the details (where we also give the expression that arises if we
were working with other complex reductive groups). Finally we have the pleasant task
of showing that the sum of (5.5) and (5.6) equals the shorter expression (5.3) in terms of
I', 8 € End(V). Indeed the quartic terms equal %Tr(gf'(S(EF)), the cubic terms equal
—Tr(El E4T), and the quadratic terms equal @, — Tr(ETE4T). O

If all the simple poles are nonresonant (Q) ;P; has no eigenvalues differing by a
positive integer for ¢ € 1) then there is a unique formal isomorphism g; € G[[z — £]] with
constant term 1, such that g[A] = Q ;P:dz/(z — ;) = d &, where & = Q ;P;log(z — ¢).
Then since dgé&; is minus the principal part of Bd; at z = ¢; it follows that

@; = Res.—, Tr((d.2)2 ' dst))

for all ¢ € I, (and similarly at z = 00), and thus that @ is an extension to our context of
the one-form of Jimbo—Miwa—Ueno [28] p. 311, that they used to define t functions.®

6. Isomonodromy

So far we have written down a family of nonlinear connections and shown they
are integrable, and that they are invariant under the full SLy(C) group of symplectic
transformations, up to some simple gauge transformations. In this section we will show
that local solutions to these nonlinear equations yield isomonodromic families of linear
connections on the Riemann sphere. Performing symplectic transforms then shows that
the same equations control many different isomonodromic deformations (e.g. on different
rank bundles with different numbers of poles). Here we use the De Rham approach to
isomonodromy, in terms of integrable absolute connections (cf. [6] Section 7).

* In [28] the connections are assumed to have regular semisimple leading coefficients at each irregular singularity:
this immediately implies that the connections only have one level, and that the blocks A; of the exponent of formal
monodromy are nonresonant; we are considering a multilevel case and allow A; to be resonant.
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6.1. Full connections. — Suppose that I' € M is a holomorphic function of Te
B’ defined on some open subset B C B. Write V= W, @ U, as usual. Consider the
following End(U,,)-valued meromorphic one-form on P! x B’:

e~ o~

6.1) Q= (Az+B)dz + d(zT) + Qdlog(z — To)P + [dT, X] + §(XB) + 6 (QP)

yhere d is the exterior derivative on P! x B’, T € End(Uy) denotes the restriction of
T, § : End(Uy) = End(Uy) denotes the restriction of the map §, where A, B, P, Q are
determined from «, B, y by normalising and writing

T, _Pp
a8+,3z—)/:(Z_Q B—Az—B—T) € End(W,, @ Us) ® A,

as before, with Ty, = C. Here X = adg1 (B) € End(Uy)° and, for any R € End(Uy,)
R :=ad;'([¢T, R]).

We will view €2 as a linear connection on the trivial vector bundle with fibre U, over the
product P! x B’ (so local horizontal sections are maps v : U — Uy, satisfying dv = Qu,
with U C P' x B'). Note that the vertical component of € is

(6.2) A:=(Q,8)dz = (Az+B+T)dz+ Q(z — To) "' Pdz
6.3) =(Az+B+Tdz+ )y —— b,
1€ls0 l

as in (2.5) where Uy, % V,; C W, are the components of P, Q.
P;
The main result we will establish in this section is the following.

Theorem 6.1. — If the local section T of F is horizontal for the connection & — da determined
by the Hamultonians (5.3) then S2 1s flat.

In principle this is possible by direct algebraic computation, which we will leave to
the reader. Instead we will give a more conceptual approach.

Proof. — We need to see that dQ2 = Q. Write Q = Bdz + Y i Bidl; so A= Bldz.
We should show that
B B,
o 9z
and
0B, dB;

g—gﬁ‘[ Bi]:O
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for all 7,7 € I. The first set of equations give the ‘isomonodromic’ evolution of B with
B __

respect to the times {;: = aa—tj" + [B:, B]. We should check that the right-hand side
coincides with the evolution determined by the nonlinear connection on F.

If 7 € I then as we saw in Section 5.3 the corresponding Hamiltonian is H; =
Res; Tr(AB)/2. The derivative of this is Res;Tr(BdA) so by Lemma A.3 the corre-
sponding Hamiltonian vector field at B is [B, B_] where B_ is the singular part of B
at z =1, ie. B = Q;P;/(z — ;). Now we observe, from the expression for €2, that
B:=—-Q.P;/(z — ) = —B_. Thus the tangent to B corresponding (under the map

y > B) to the vector /9t + {H,, -} on F is
QP
(z — 1)?

where the first term is obtained by differentiating B with respect to its explicit 4-
dependence. In turn this is

B,
0z

+[B,B_]

+ [Bi’ B]

as required.
If : € I;,j # o0 then from Theorem 5.9 H; is the coefficient of @/; in

Woo = ResooTr((d,j)é_lsz)

where g is a family of formal isomorphisms to normal forms, as in Appendix C. It is
straightforward to check that g may be chosen so each coefficient depends holomorphi-
cally on the parameters (in the nonresonant case this is clear since g is uniquely deter-
mined). This may be rewritten as Resy,, Tr(g7"'(d.9)R) where R = z5~'dT g. Now since
LAl = A% := (Az+ T+ A/2)dz we have 3 (d.9) = ' A% — A so that H is the coeffi-
cient of df; in

—Res Tr(AR)

since Resoo Tr(A%2dT) = 0. Next we claim that the derivative of H; is the coefficient of dt;
in —Res Tr((dA)R). To see this note that

Resoo Tr(AdR) = Reso Tr(A[R, §7'd3))
= —Reso Tr(¢'dg[R. g 'dg]) as. A’ and dT commute
= Reso Tr([d.g87", dgg~"]zdT)
=0 by looking at the possible degrees in 2.

Thus by Lemma A.3 the Hamiltonian vector field of H; at B is [R’, B] where R' is the
coefficient of df; in R and R’ is the polynomial part of R’ € End(U,)((z™")). Thus to
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conclude we should check (i) that R' = B; (the dt; component of ) and (i) that 3,/ z
is the derivative of B with respect its explicit 4 dependence.

Part (ii) is immediate (it only involves the term d(zT)). For (i) write g = 1 +g/z+- - -
so that

R_=(22"'dTg)_=zdT +[dT, g .

Then from Lemma C.1

—~—

[dT, g ]1=1[dT, X]+35(QP) + §(XB)

so (1) follows (comparing with the expression for €2).

Finally it is straightforward check the #—# components commute. See e.g. [18]
Proposition 11.2.12 p. 198 for a streamlined direct algebraic approach, which extends
immediately to our context. U

Remark 6.2. — Note that it is possible (similarly to [28]) to view the eigenvalues
a; € G of A as times as well (higher irregular times), although we will not do this here,
since it 1s the lowest irregular times T which are related under the SL;(C) action to the
pole positions ¢. Also the Hamiltonian story is then more complicated (one runs into
the symplectic trivialisation problem of [6] Remark 7.1; the symplectic structure on M*
depends on these times so one needs to choose an a priori symplectic trivialisation of F).
In general this problem does not arise if attention is restricted to the lowest irregular times
(i.e. the coeflicients of the irregular type closest to the residue). (Note also that due to the
SLy(C) action, these higher times will only give something new if £ = |]J| > 4.)

7. Nonlinear differential equations

In this section we will write down the nonlinear Hamiltonian equations in various
ways. Note that all the equations here are equivalent to the (simpler looking) “generic
equations” which appear when ] C C (see (8.4) of Section 8.4).

Proposition 1.1. — Horizontal sections of the connection @ — dwo on F — B are determined
by the differential equation:

dU =[8(8D),T] + (y8dT + dTEy)° — ¢~ (E2dTE)

N 0 —T.dT.PA
AQTodTs —TdTX — XTdT

where ' - End(V) — End(V) s defined in components by (]f)_l(Bg) =B;/p; if i #£j and O of
1 =7, and n general R° = R — §(R).
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Proof. — This follows from Lemma 5.3, and its analogue for the expression (3.1)
for w. The calculation is simplified by noting the following, which is straightforward.

Lemma 7.2. — If R, ¥ are a matrix valued function and one form respectively, then (recalling
that the commutator of matrices of one_forms involves a plus sign):
(i) d(R)=—dR, and_
(i) Tr(FR) = —Tr(FR).
Then it is easy, using the fact that §(EI') = —=§(I"E), to verify that dTr(éT‘S(EF))/Q =
Tr([6(ED), I'ldE) yielding the first term of the equation. Similarly the next two terms

arise from —Tr(Ey EdT), and the final terms from the two remaining terms of w. [

Expanding in terms of Q, P, B we obtain the equivalent equations:
dQ = QPO + RQ + [dT, X]Q + (B + T)QdTx
+ dTQT s + AQT ood T,
—dP =PQP + PR + P[dT, X] + dT-.P(B + T)
+ TooPdT + Tood Too PA,
dB = [R, B] + [dT, QP] + BXdT + dTXB
+[A, QdToP — XdTX] + [T, [X, dT]]

where R = §(QP + XB) and we tacitly apply (-)° to the right-hand side of the third equa-
tion, and as usual X = ad'B and (-) = ad; '[dt, -] (with ¢ =T}, T etc. as appropriate).

Alternatively one may rewrite the equations in terms of the components B; €
Hom(W;, W;) of I (for i #j € J) as follows:

(7.1)

(7.2) dBj = X;BB;+B;B;X,
k
+ Y dTXBy + ByXyd T, — Xyd T, X5/
k

T:dT:X; + X T,dT; ifi, 5 # 00, or
where X;; = ¢;B;; are the components of &, and we set B; = 0.
Now suppose we choose j € J and 7 € I;, so we have vector spaces V; C W; and

U, =Vo W, Ifiel; we will also write U; := Uj;. The above equations may also be
rewritten in terms of maps between these vector spaces. To this end define

<7.3> Qi:FOLiIVi—)UZ’, Pi:—ﬂiOEIUi—)VZ‘.
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Here m; and ¢; are the projection and the inclusion between V and its summand V.
(Note that the image of Q) ; is indeed in U,, and for P; we tacitly restrict & to U;.) Thus
all the data in T" is contained in the set of maps {Q ;} and also in the set of maps {P;} as ¢
ranges over I. Note also that if j = 00 and ¢ € I, then Q) ;, P; are components of Q, P (i.e.
Q. =Qoy,and P, = m; 0 P) so the notation (7.3) is consistent with that used earlier, and
now extends to all 7 € .

Proposition 7.3. — For ally € J and i € 1; there are one-forms 2; on B (depending explicitly on
v ) with values in End(U,) such that the equations (7.2) are equivalent to the following overdetermined
System:

1Q=QQ,.  dP=-PL,
Joralliel.

Note that just one of these two sets of equations is equivalent to the system (7.2). The
point to note is that the same £2; appears in both equations.

Proof. — If 1 € I, then €2; is the restriction of the full connection €2 to the divi-
sor z = {; (along which it has a logarithmic singularity): 2, = €|.—,. Indeed from the
definition of the tilde operation it follows that

di, —dy ~
> QPQ——=QPQoy
J€lso\ {1} ! J

and similarly for 7; o PAQP. Thus from the first two equations in (7.1), we see that

(7.4) Q=Y QP— +R+[dT X]+d(Tt) + (A + B)dt; = Q| .-,

J€loo\{i} ki

where R = 6(QP + XB). For the other possible ¢ € I (say ¢ € I;, £ # 00 € ]) this may be
shown by direct Computation, from (7.2). One finds that

2= Qp~ — +prk(5(ur)+(dT)u

JEl\ i} =
+ (T — ¢ 8T + 4T + C) )

where pr, : End(V) — End(U,) is the projection, ¢; = Id; + ZJGJ ¢yld; € Aut(V) (where
Id; is the idempotent for Wj) and C; = (“">""> _ 1) € End(We ® Ux). In fact the

same expression works also for £ = oo provided we replace C; by (0 A dtl-)‘ U

Thus there is a direct geometric interpretation in the case when : € I; the
full connection €2 has a logarithmic singularity along the divisor z = ¢, with residue
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R; = Q,P; € End(Uy). The one-form £2; should be interpreted as a connection and
as such 1s just the restriction of €2 to this divisor. Things have been arranged so that Q) ;
is then a (collection of) horizontal sections of €2;, and P; is then a (collection of) horizon-
tal sections of the dual connection, so the residue is a horizontal section of the adjoint
connection. The geometry behind £2; for 7 € I, j # 00 is not so immediately transparent,
but it may be obtained by performing a symplectic transform to move a; € P to 00 and
then using the above interpretation (taking care to do the explicit gauge transformations
so the normalisations match up—this only involves the “constants” C,).

Corollary 7.4. — Let R; := Q P, € End(U,), A; := —P,Q; € End(V)). If T is a local
horizontal section then

dR; = [€;, R;], dA;=0
Joralli e 1.

Thus the adjoint orbit of each residue R; is preserved under the flow, for all € I.
Note these orbits are also preserved under the symplectic transformations:

Proposition 7.5. — Under the action of SLo(CQ) the orbit of R; € End(U;) s preserved, and
the value of A; € End(V;) is preserved.

Proof. — This follows from the definition (7.3) of P;, Q ; together with the formu-
lae for the SLy(C) action on I', E given in the proof of Proposition 3.1. For example if
(T, E) = (eI, E&7!) then ¢ cancels in the definition of A;, and acts to conjugate R;. [J

Finally note that the orbits of the elements A; € End(V;) cannot be assigned arbi-
trarily since A; = —P;Q ; =, EI'y; so that

(7.5) Y " Te(A) =Tr(El) =0
el
due to the skew-adjointness of the map ¢. (If we project to meromorphic connections this

corresponds to the sum of the traces of the residues being zero.)

7.1. Projected equations. — Considering the projection I' = A to the space of mero-
morphic connections it is easy to see that the nonlinear equations descend (to equations
on the coefficients of \A), as follows. Recall that

d

A:(Az+B+T+Z

1€l
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on the trivial bundle U,, x P!, where R; = Q ;P; € End(U,,). The corresponding non-

linear equations are

the third equation in (7.1) for 4B, and

(7.6) . o
the equations dR; = [2;, R;] with 7 € I

where €2; is as in (7.4). (It is easy to see that these equations only depend on {R;} and
not on their lifts Q, P; for example QdTo P =} | R;df;.) These are the equations which
arise as the condition for the vanishing of the curvature of the full connection

dz—dtl‘
z—1

(7.7) Q= (Az+B)dz +d(zT) + ZRi +[dT,X]+ R
Too

with R =8(XB + }_; R;). The point is that by lifting up to M we see the symplectic
SLy(C) symmetry group which is not apparent at this (intermediate) reduced level. The
Hamiltonians also descend to this level as follows. Fix adjoint orbits O; C End(U) for
1 € I, and define

M*:OB X HOZ
Ioo

where Op = {(Az+ T + B)dz | B € Im(ad,) C End(Uy,)} is the coadjoint orbit through
(Az+ T)dz under the group of jets at 00 of gauge transformations tangent to the identity
(cf. Appendix A and [6] Section 2). Then observe that the Hamiltonians on F descend to
the total space of the trivial symplectic fibration

~

M*x B — B.

Indeed this follows from the expressions (5.5) and (5.6) noting e.g. that QTP =" Ry
and

~ dt; — dt;
Tr(PQPQ) = Z Tr(R;R;) — 2.

#j€loo J

The space M+ is a symplectic leaf of the quotient M/Hy, where Hoo = [ GL(V))
(cf. Lemma A.1). Basic example of these projected equations (7.6) are the Schlesinger
equations and the JMMS equations, as will be made explicit in the following section.

Note that we view the projected equations (7.6) as essentially equivalent to the full
equations of Proposition 7.1, since one may lift any solution of (7.6) by only solving linear
differential equations (as in [9] Proposition 15).
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8. Examples

8.1. JMMS. — Consider the case where ] = {0, 00} CPso A=B =0, and

0O P ~ 0O —P
F:(Q 0)’ “(Q 0)’

~ (Ty O
T_<O TO)eEnd(WOOEBWO).

The phase space M is {(P, Q)} = Hom(W,, W) @ Hom(W4,, W) with the symplectic
form Tr(dE A dI") /2 = Tr(dQ A dP). The Hamiltonian one-form then is:

1 ~ 1 ~
w = ETr(QPQP) + §Tr(PQPQ) + Tr(PTQd 1) + Tr(QTPdTy).
In this situation the full connection specialises to:

Q = d(To) + Qdlog(z — To)P + QP

on the vector bundle Wy x P! x B — P! x B, where the space of times B is {T} =
(C"!\ diagonals) x (C™=\ diagonals). The nonlinear differential equations (7.1) are:

. dQ = QPQ + QPQ + TyQd T, + dT,QTx,
' —dP = PQP + PQP + To PdT, + dTo PT,.

These are equivalent to the JMMS equations [27]; They may be rewritten as follows.
Let {V;} be the eigenspaces of Ty, € End(W) (labelled by 7 € I). Let ¢; : V;, = W,
7; : Woo = V; be the corresponding inclusions and projections. Write

Q. =Qo;: Vi—W,, P=m,0P:W,—V,

for the corresponding components of P and Q) respectively. Proposition 7.3 then implies:

Corollary 8.1. — Equations (8.1) may be rewnitten as:
1Q=90Q,  dP;=-PQ,
Jorall i € 1o, where Q; = Q.—, = d(tTy) + @’ + Z/#ielm Q,P;dlog(t; — t).

These equations are the lifted JMMS equations which appear in [27] (A.5.9). The JMMS
equations themselves ([27] 4.44 or A.5.1) correspond to our projected equations (7.6)
obtained by setting R; = Q) ;P;, which in this case, since B =0, are

_ dt; — di
dR;=[2.R] where 2 =d(T) +R+ Y R=—

J€loo\{i} Y

andR=)_ R,
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Remark 8.2. — Strictly speaking [27] only considers Hamiltonians in the case
where T has distinct eigenvalues, although as they write “the general case is treated
with minor modifications”. Under this restriction Harnad’s symmetry only appears upon
restricting T to also have distinct eigenvalues, so that the residues Q) ;P; are all rank
one matrices. This special case is highlighted on p. 155 of [27] and the symmetry of the
Hamiltonians may be seen (for this case) in [27] Equation (A.5.16).

8.2. Schlesinger. — Now suppose we are in the special case of the JMMS equations
where Ty = 0. Then the full connection specialises to:

Q=QAP

where A = dlog(z — T«), and the Hamiltonian one-form is @w = Tr(PQlSVQ)/Q. The

nonlinear differential equations are:

(8.2) dQ=QPQ,  dP=—PQP.

These equations are equivalent to the Schlesinger equations—more precisely they are the
lifted Schlesinger equations, and imply the Schlesinger equations by projection as above.
Namely Equations (8.2) are equivalent to the equations

dQ,; =Q;Q,;, dP; = —Pi2;

where Q; = Q|._, = Zﬁéielm Q,P;dlog(t; — ), and so if we write R; = Q ;P; € End(W,)
then

dR; =[Q:.Ri]=—) [R;,Rj]dlog(t; — 1)
J#L

which are the Schlesinger equations [53] p. 67.

8.3. Dual Schlesinger. — Suppose again we are in the situation of JMMS but instead
that T = 0. Then the nonlinear differential equations are:

dQ=QPQ,  dP=-PQP.
In this situation the full connection specialises to:

d ~
Q= d(T) + QP + QP

and the Hamiltonians are @ = Tr(QPQP)/2. Setting R = Ry = QP € End(W,) the
projected equations are

dR =[R,R]
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Le. dR = [ad}l[dT, R], R], with T =T. Some special cases of these equations control
semisimple Frobenius manifolds [21] Equation (3.74). (By Harnad duality they are equiv-
alent to certain cases of Schlesinger’s equations—in fact they are within the special case
of rank one residues considered in [27] p. 155.) A generalisation of these dual Schlesinger
equations to arbitrary complex reductive groups G was studied in [7]—then the space of
times is the regular part of a Cartan subalgebra (whose fundamental group is the pure
G-braid group).

8.4. Generic equations. — Since the symplectic transformations enable us to move |
around in the Fourier sphere P by Mébius transformations, we see generically no point
of J will lie at 0o € P. In this case the full connection is

Q = (Az+ B)dz + d(zT) + [dT, X] + 5(XB)

on the trivial bundle with fibre V (since Wy, =0, Uy, = V—in effect P=Q =0 and
T =T). Upon restriction to P! this has just one pole of order three at z = 00 and no
others. The Hamiltonians are

1 ~
(8.3) w = §Tr(XBa(XB)) — Tr(XBXdT) + Tr(X[X, T]4T)
and the nonlinear equations are
(8.4) 4B =[§(XB), B] + [[4T, X], B+ T]".

These are the “master equations” in the sense that any of the other nonlinear equations
considered here are equivalent to equations of this form (by moving J C P so that oo € ]).
Note that if A has distinct eigenvalues (as in the work [28] of Jimbo-Miwa—-Ueno) then

—_—

3(XB) = 0 and the equations are simpler.
For example if we consider the bipartite case with J = {0, 1} C P\ oo so that V =
Wiy @ Wy, then upon writing B = (2 1;) Equations (8.4) become

dS = SRS + SRS + T,SdT, + dT,STy — (STod Ty + T,dT,S)
—dR =RSR 4 RSR + ToRdT; + dT,RT; — (RT,dT, + TodT,R).

The terms in parentheses can be gauged away, and we obtain the lifted JMMS equations
(8.1). In other words we have an alternative Lax pair for the JMMS equations, as control-
ling isomonodromic deformations of A = (Az+B+T)dz on V x P! with V=W, ®W,.
In turn by specialising (e.g. to T = 0) this gives a new Lax pair for the Schlesinger equa-
tions, and specialising further even for Painlevé VI (cf. Section 11.1).
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9. Reductions, moduli spaces and relation to graphs

In summary we have defined and studied a flat nonlinear connection on the bun-
dle F =M x B — B and shown that it is invariant under an action of SLy(C), up to
some simple explicit gauge transformations. It is also invariant under the natural action
of the group H= [TGL(V,). The aim of this section is to consider the reductions of the
nonlinear connection under this group of automorphisms H (rather than just the sub-
group Hy C H considered in Section 7.1). In brief this amounts to replacing M by its

symplectic quotient

M =M/ H
@)
by Hata coadjoint orbit O. To make life simpler we will restrict to the subset of stable
points M* C M* throughout this section.

The main results are that (1) the resulting nonlinear connection on M* x B — B
1s (completely) invariant under the symplectic group of transformations, and (2) that after
reduction extra symmetries become apparent that, when combined with the symplectic
transforms, immediately give the desired action of a Kac-Moody Weyl group.

This Kac-Moody Weyl group action simultaneously generalises that of (1) Okamoto
[48] (in the theory of Painlevé equations, when dimg(M*) = 2), and (2) Crawley—Boevey
[16] (in the case of Fuchsian systems, corresponding to star-shaped Kac-Moody Dynkin
graphs).

As we will explain, from the point of view of irregular connections this action is
not at all mysterious: it basically amounts to changing the possible choices of orderings of
the eigenvalues of the residues R; for all 7 € I. Of course at any given moment, only the
R; with 7 € I, will appear as residues at simple poles, and we should use the symplectic
transformations to realise the other R; as residues.

First of all some basic definitions related to graphs will be given.

9.1. Representations of graphs. — Suppose G is a graph with nodes I (and edges G).
Let G be the set of oriented edges of G, i.e. the set of pairs (e, 0) such that ¢ € G is an
edge of G and 0 is a choice of one of the two possible orientations of e. Thus if a € G is
an oriented edge, the head /(a) € I and tail #(a) € I nodes of a are well defined. For our
purposes it is convenient to define a representation of the graph G to be the following data

V;, and
(2) for each oriented edge a € G, a linear map v, : V() = V) between the vector
spaces at the tail and the head of a.

(1) an I-graded vector space V=P

el

Thus the data in (2) amounts to choosing a linear map in both directions along
each edge of G. A subrepresentation of a representation V of G consists of an I-graded
subspace V' C V which is preserved by the linear maps, i.e. such that v,(V) ) C 'V}, for
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cach oriented edge a € G. A representation V is irreducible if it has no proper nontrivial
subrepresentations. Given an I-graded vector space V we may consider the set Rep(G, V)
of all representations of G on V. This is just the vector space

Rep(g, V) = @ Hom(Vz(a), V}L(a))
aea

of all possible maps.

9.2. The Kac—Moody root system and Weyl group. — Let G be a graph with no edge
loops. Then one can define a (symmetric) Kac-Moody root system and Weyl group as
follows. Let I be the set of nodes and let n = |I| be the number of nodes. Define the n x n
(symmetric) Cartan matrix to be

C=2Id-A

where A is the adjacency matrix of G; the 7, j entry of A is the number of edges connecting
the nodes i and j. The oot lattice Z' = €D, Z¢; inherits a bilinear form defined by
(9.1) (81‘, E‘J‘) = Cy

The simple reflections s;, acting on the root lattice, are defined by the formula

5i(B) =B — (B, €)e;
for any ¢ € I. They satisfy (cf. [30] p. 41) the relations

=1, sisi=s5; ifA; =0, sisisi =s;505 Ay =1.

1

By definition the Weyl group is the group generated by these simple reflections. There
are also dual reflections 7; acting on the vector space G! by the formula

n(A) =4 — Ay

where A =Y. A;6; € C' with A; € C and o, := Zj(ei, &;)¢; € Cl. By construction one
has that 5;(8) - 7;(A) = B - A, where the dot denotes the pairing given by &; - &; = §;.

The corresponding Kac—Moody root system is a subset of the root lattice Z'. It
may be defined as the union of the set of real roots and the set of imaginary roots, where

(1) The simple roots are ¢; for z € I,

(2) The set of real roots is the Weyl group orbit of the set of simple roots,

(3) Define the fundamental region to be the set of nonzero B € N' whose support is
a connected subgraph of G and such that (g;, 8) < 0 for all 7 € I. The set of
imaginary roots is the union of the Weyl group orbit of the fundamental region
and the orbit of minus the fundamental region.
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This defines the root system (see [30] Chapter 5 for the fact that this description
does indeed give the roots of the corresponding Kac-Moody algebra). By definition a
root is positive if all its coefficients are > 0. For example if G is an ADE Dynkin diagram
this gives the root system of the corresponding finite dimensional simple Lie algebra,
or if G is an extended/affine ADE Dynkin diagram then this is the root system of the
corresponding affine Kac-Moody Lie algebra (closely related to the corresponding loop
algebra), but of course there are many examples beyond these cases.

9.3. Complete k-partite graphs. — Let G be a graph with nodes I (and edges G). Recall
that by definition G is a complete k-partite graph if there is a partition [ =1, L --- U I; of its
nodes (into £ nonempty parts ;) such that two nodes are connected by a single edge if
and only if they are not in the same part. Thus there is a bijection between the set of
partitions with % parts, and the set of complete k-partite graphs. Let G(P) denote the
complete £-partite graph corresponding to a partition P (thought of equivalently either
as a Young diagram, or as a partition of a finite set, or as a partition of an integer, or
as a surjective map ¢ : I — J onto the set J of parts, so that = ¢~'(j) for all j € J).
For example the graph G(1, 1) corresponding to the partition 1 4 1 is just a single edge
connecting two nodes, and similarly G(1, 1, 1) is the triangle and G(2, 2) is the square
(a complete bipartite graph). The star-shaped graph with 7 legs of length one, is the
bipartite graph G(1,n). The graphs G(n) have n nodes and no edges, and the graphs
G(1,1,...,1) are the complete graphs (with every pair of nodes connected by a single
edge). See Figure 3 of the introduction.

Definition 9.1. — A (simply-laced) supernova graph s a graph obtained by gluing a single
leg (of arbitrary length > 0) onto each node of a complete k-partite graph.

Here a “leg” of length [/ is just a Dynkin graph of type A, with / edges. For
example any star-shaped graph (with arbitrary length legs) may be viewed as a supernova
graph with central subgraph of the form G(1, 7). This motivated the name “supernova”,
as a star with more going on in the middle. (The not-necessarily simply-laced symmetric
supernova graphs are the graphs described in Appendix C of [10].)

In the next three subsections we will give different viewpoints on the symplectic
reduction of M. Each viewpoint is useful for different reasons and going between these
different viewpoints yields the Kac-Moody reflections.

9.4. Moduli of Weyl algebra module presentations. — The first viewpoint is as the sym-
plectic reductions of the space M of presentations of modules for the first Weyl al-
gebra. Here the data we need is as follows. Choose a finite set J and an embedding
a:]— P=CU/{oo}. Write ¢; = a(j) forj € J. For each j € J choose a finite set I; and
write I = | |I,. Choose a finite dimensional complex vector space V; for each 7 € I, and
write W; = EBZ-GIJ, V,, V=@, V.. Finally choose an adjoint orbit 0. c End(V;) for each
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i € I and write O =[] O.. Note that we place no restriction on these orbits (for example
the eigenvalues may be integral or differ by integers). In particular this data determines
the symplectic manifold M as in Section 3.

Proposition 9.2. — The group H= [TGL(V;) acts on M in a Hamiltonian fashion with

moment map
u:M— [ [End(Vy); T (A).
The induced action on F =M x B preserves the isomonodromy connection.

Progf: — Here End(V,) is identified with the dual of the Lie algebra of GL(V))
by the trace pairing. The action is defined by g(I") = gl'g™! for g € H c GL(V). The
nonlinear equatlons are invariant since this action commutes with ¢ : End(V) — End(V)
and clearly ng = T. The moment map computation is straightforward: for example
for any fixed 7 € I; we may split M symplectically as a product M’ x T* Hom(V;, U;) (with
symplectic form Tr(dQ ; A dP;) on the cotangent bundle—cf. (3.1) in the case j = 00 and
the general case is similar). Then g € GL(V,) acts trivially on M’ and the action on the
cotangent bundle is easily seen to have moment map A; = —P,Q ;. [

Recall that the stable points of M for the action of H (in the sense of Mumford’s
geometric invariant theory) are those points whose H orbit is closed and of maximal
possible dimension. These points may be described in terms of graph representations as

follows. Let G be the complete k-partite graph with nodes I corresponding to the partition
I=]]T;, so that £k =]].

Proposition 9.3. — (1) The space M is isomorphic to the space Rep(G, V) of representations
of the graph G on the 1-graded vector space V.
(2) The stable points of M _for the action of H are the irreducible representations.

Proof. — (1) 1s straightforward: specifying a point of M is the same as the choice of
linear maps b; : V; — V; for all 7,y € I not in the same part. Then (2) is a special case of
a result of King [32] on quiver representations. U

Thus we may now perform the symplectic quotient of the stable part of M by H, at
the (co)adjoint orbit O of H. Namely we define the moduli space of stable Weyl algebra
module presentations to be

M= MG, 0) = { stable points I' € M such that u(T") € ) }/ﬁ

where u is the moment map for the H action. We will see below in Proposition 9.8 and
Theorem 9.11 that this is a smooth (possibly empty) symplectic algebraic variety.
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Corollary 9.4. — The isomonodromy connection on ¥ — B descends to define a nonlinear
connection on M, x B — B, and this reduced connection is completely invariant under the symplectic
action of SLy(C).

Proof: — We have already shown the connection is H invariant, and so descends.
For the symplectic invariance, we have already shown the connection on F is invariant
up to some explicit gauge transformation. But these gauge transformations act within
the orbits of the H action, and so are trivial after reduction. Said differently once the
orbits of the elements A; are fixed then the gauge terms changing the isomonodromy
Hamiltonians are constant so that the (reduced) isomonodromy connections are the same
(with their Hamiltonians differing by constants). UJ

One consequence of stability that will be useful is the following. Recall that given
I' € M we have defined, for any ¢ € I;, two linear maps Q;: V; - U; and P; : U; — V;
(see (7.3)).

Lemma 9.5. — If T" € M is stable then Q) ; s injective and P; is surjective, for all i € 1.

Progf. — Thinking in terms of representations of the complete k-partite graph G,
P, encodes all of the maps to V; and Q) ; encodes all the maps from V,. Thus if P, was
not surjective, then we could replace V; by the image P;(U;) C V; to obtain a nontrivial
proper subrepresentation, contradicting stability. If ) ; was not injective, then we could
choose a nonzero subspace K C V; of'its kernel to define a subrepresentation (taking the
zero vector space at all other nodes), again contradicting stability. 0J

Corollary 9.6. — If T" € M s stable then fixing the adjoint orbit of A; € End(V,) us equivalent
to fixing the adjoint orbit of R; € End(U;).

Progf. — Since R; = Q,P; and A; = —P;Q;, this follows from the injectiv-
ity/surjectivity conditions in Lemma 9.5. The exact relation between the orbits is sum-
marised in Appendix D. O

Remark 9.7. — One can also consider the naive symplectic quotient
M* ={T € M such that (I') € O }/H.

Note that for sufficiently generic orbits O this coincides with M*, since for any subrep-
resentation V' C V one has

9.2) > Te(A) =0

(where A’ € End(V’) is the analogue of A; determined by the subrepresentation V') and
the eigenvalues of A’ will be a subset of the eigenvalues of A;, so that if O is sufficiently
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generic there will be no relation of the form (9.2) and thus no proper nontrivial subrep-
resentations. Thus in such cases M™ itself is a smooth algebraic variety.

9.5. Representations of supernova graphs. — Now we will describe the above moduli
spaces in terms of representations of supernova graphs. In brief the choice of the orbits
O; is replaced by the choice of a scalar on each node of the legs; describing the choices in
this way enables us to see the underlying Kac-Moody root system. In turn this enables us
to attach isomonodromy equations to representations of supernova graphs. (If the graph
is star-shaped the equations will be equivalent to the Schlesinger equations, and more
generally if the central part of the graph is bipartite, i.e. | J| = 2, then the equations will
be equivalent to the JMMS equations.)

LetG bea supernova graph with nodes T, as defined in Section 9.3. Thus G consists
of a complete k-partite subgraph G C G with nodes I C Tand a ‘leg’ glued on to the ith
node for each 7 € I. We will call G the core of g it is uniquely determined except in the
star-shaped case. Let I = |_| I; be the partition of I into parts I; labelled by the set J, so
that k= |]J|. Let ; € Z-, be the length of the ith leg for each ¢ € I

The further data required to construct the desired spaces are as follows:

— a complex number A; € C for each ¢ e,
— a distinct point of the Fourier sphere 4; € P for each part € J,
— an integer 4; > 0 for each : € I.

Given such integers d; define V; = C% and thus a vector space V= @ld
graded by T. The space of times for the corresponding isomonodromy equations is B =
l_LleJ(G'If| \ diagonals) C C!. In other words B consists of the sequences {#; | i € I} € C!
such that # # £, whenever ¢ and ¢ are in the same part of I, i.e. there is a time vari-
able # € G for each node of the core, and the times in the same part should be pairwise

distinct. Given such data let
M = Rep(g , ?)

be the space of representations of G on V. By dividing up the edges of G into those in the
core or in a leg there is a product decomposition:

M=MxL

where M is as above (identified with the space of representations of G on V = €
and L = [[,_; L; where L; is the space of representations of the ith leg:

zEI

A
L= 1_[ T*Hom(V,;, Vi)
j=1

where V;; C V denotes the vector space on the jth node of the :th leg (labelled going down
the leg so that V; | =V, for all : € I). Here we have identified Hom(V, W) @ Hom(W, V)
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with the cotangent bundle T* Hom(V, W), thus giving each L; and therefore L a complex
symplectic structure (using the natural symplectic structure on the cotangent bundle).
Thus M inherits a product symplectic structure from that on L and the (nonstandard)
symplectic form of Section 3 on M, depending on the chosen points ¢; € P (and defining
W, = @ielj V; to relate the definition of M in Section 3 to the present definition).

A point of L; will be denoted (p;, q;) with p; = (pi1, pios - - ) Qi = (¢i1» o, - - .) with
py :ViJ —> Vi,j+l and qii :ViJ+1 — Vzg fOI"].: 1, 2, ey ll‘. The group

G=]]GLV)

iel

acts naturally on M via its action on the spaces V;, and preserves the symplectic structure.
Moreover it is a Hamiltonian action with moment map as follows:

fli=A; — ¢ o pa € End(V))
if7 €1, and
[Lj = pig-1) © gij—1) — ¢j © p; € End(Vy)

for the jth node of the ith leg, for j > 1. Write

A M- [ [End(V)

iel

for the resulting moment map, with components fi; and fi;. (The right-hand side is iden-
tified with the dual of the Lie algebra of G using the trace pairing on each factor.)

Now identify the chosen complex number A; € G with the scalar matrix A;Idy, €
End(V;) for each : € T and denote this T- -tuple by A € [[End(V,). Since A is a central
element of the Lie algebra of G we can equally well view the point {A} as a (co)adjoint
orbit of G. Then we may define the “twisted quiver variety” associated to this data to be

QG A, d)=M" ) G ={ stable p e M| ji(p) =1} /G
A

as the complex symplectic quotient of the subset of stable points of M by the group ﬁ,
at the value A of the moment map. Since M is the space of representations of a graph
(and G is the full automorphism group), [32] again implies the stable points of M are the
irreducible representations.

Proposition 9.8. — The twisted quiver variety Q(é A, d) s a smooth complex symplectic
algebraic variety, which is either empty or of dimension 2 — (d, d), where the inner product (, ) on the

ro0t lattice of G is defined in Section 9.2.
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Proof: — The group G = é/ C* acts freely (since the stability condition implies the
stabiliser 1s finite, and it then follows in the quiver setting that the stabiliser is trivial, cf.
[13] p. 283). Smoothness follows as in [13] p. 270. The dimension computation is now
straightforlvard, since diimM = d - Ad and dim(a) =d - d, where A is the adjacency
matrix of G, so that dim(Q) =d-Ad—2(d-d—1)=2—(d, d). O

Now we will relate these twisted quiver varieties to the moduli spaces M*(G, @)
of Weyl module presentations of Section 9.4. The extra data needed to define an isomor-
phism from M*(G, O) to a twisted quiver variety is a marking of each orbit O;.

Definition 9.9. — Suppose O C gl,(C) s an adjoint orbit. A ‘marking’ of O s a finite
ordered set (§,, &, ..., &) of complex numbers such that ]_[Y)(A —&)=0forany A O.

Equivalently a marking is the choice of a monic annihilating polynomial / € C[«],
such that f(A) =0 for all A € O, together with a choice of ordering of the roots of f.
A marking will be said to be minimal it w = deg(f) i1s minimal (so that / is the minimal
polynomial of A € O). A marking is special if the first root is zero (§; = 0). Given a marking
of O C gl,(C), define complex numbers

9.3) A =& =&
(including A, = &) and integers
dj =rank(A —§))--- (A= &)

i=1,2,... (for any A € O) so that d; = n. Then consider the type A,, Dynkin graph (a
leg) with w nodes and [ := w — 1 edges, as in Figure 6.

Lemma 9.10 (Cf. [16]). — If {(pi, g:)} ts a representation of this leg (type A, Dynkin graph)
on the vector space V. = @ G such that each p; is surjective and each q; is injective and the moment
map conditions

A=qp + A, g = qopo + Aoy ...,
Di—1Gi—1 = qpr + Ay, DG = Ay

hold, then A € O.

P P2 b
n _—s dZ/\ di% = dw
Yt -
Loy 2 g 3 a v

FiG. 6. — Representation of a type A,, Dynkin graph
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Proof. — It is clear that the orbit of A is uniquely determined by these conditions

(cf. Proposition D.1). Thus we just need to check that the orbit determined in this way
is indeed the orbit O we started with. But if A is any element of O we may define a
representation satisfying these conditions by setting V; = G" and then inductively p; =
(A — &), Vier = Im(p,) and taking ¢; to be the inclusion Vi =[] (A — §)(V) —
TA=HV) =V, O

Now suppose we have data G, V, O, a used to define M as in Section 9.4. If we
choose a marking of each orbit O; then we can define a supernova g graph G by gluing the

first node of the leg corresponding to O; onto the node i of G. Let T be the set of nodes of
g so the markings determine a parameter A; € G and a dimension d; € Z- for all 7 € T.

This determines the variety Q(g, Ad).
Theorem 9.11. — The spaces M*(G, (’)) and Q(g A, d) are isomorphic.

Proof.: — The first step is to see there is a well-defined map ' (A)" — w0y
from the stable points of 1~'(L) C M to the stable points of ="' (O) C M, given by re-

stricting to the subgraph G a representation p of G (on the vector space V= P V.).
Indeed if p is stable then all the maps p; down the legs are surjective and all the
maps ¢; up the legs are injective. (For example if p;; was not surjective, replace V; by
Vi = pig—1y -+ pa (Vi) for j > 1 (and ¢ fixed) to obtain a non-zero subrepresentation, con-
tradlctmg stablhty) Then using the condition 1(p) =A and Proposition D.1 repeatedly,
mmplies A; € (9 as in Lemma 9.10. The resulting point of 1~ (O) 1s stable, since if'1 ith had
a proper subrepresentation V', then we could extend it to a subrepresentation of V as
above by setting Vi, = py1) -+ - piu (V})) forj > 1 and all ¢ € L. Thus the restriction map is
well-defined. It is surjective since (up to choosing bases) we may define p;; = A; —§&;, (and
identify V;, with its image, and ¢;» with the inclusion of this image in V;;), and then repeat
down each leg so pis = (A; — &) v, etc. The resulting point is in 27" (L), and is clearly
stable. Further, since all the maps p; are surjective and the ¢; are injective, the fibres of
the restriction map are precisely the orbits of the action of the group [ [; GL(V)). Finally
the restriction map is equivariant under the group H= [I; GL(V)) so the two quotients
may be identified. UJ

In particular we may denote this common space as M* (g A,d) or M*(A,d, a).

_Corollary 9.12. — If1 € T \ I is a node which is not in the core, and A; 7 O then the spaces
M”(g A, d) and M (g 1:(A), si(d)) are isomorphic (where 1;, s; are the reflections of Section 9.2).

Progf. — These reflections arise by changing the choice of marking. Thus both
spaces are isomorphic to the same space M’ (G, O) (which does not depend on the
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markings). Explicitly if z + 1 and ¢ — | denote the nodes adjacent to ¢ then under the
reflections d is unchanged except for the component

di> —di+ diy + dipy
and A is unchanged except the components
Aict, A Aip) = (A + A, =2, A +A))

which, via the definition (9.3) of A, indeed corresponds to swapping the two &’s occurring
n )"i- [

To obtain the reflections corresponding to the core nodes in this way we need to
take a third viewpoint, that of meromorphic connections, and use the symplectic SLy(C)
transformations. This will be done in the next section.

Remark 9.13. — Note that by definition a representation of a graph is the same
thing as a representation of the double of any quiver obtained by choosing an orientation
of the graph, as appears for example in Nakajima’s theory of quiver varieties [38]. In
that theory the orientation of the graph is used to determine the symplectic structure on
the space of representations, but for us an orientation is unneeded (since we use a non-
standard symplectic structure determined by the choice of an embedding of J in P) and
indeed from our viewpoint choosing an orientation 1s unnatural and breaks the SLy(C)
symmetry.

9.6. Meromorphic connections on trivial bundles. — The third point of view is as moduli
spaces of meromorphic connections on a trivial vector bundle on P'. Since the setup is
similar to [6] Section 2 we will be brief. Fix G = GL,(C), let t C g = Lie(G) be the diag-
onal matrices and fix a compact Riemann surface X. In general specifying a (symplectic)
moduli space of meromorphic connections on vector bundles of rank » on X (with un-
ramified normal forms) involves specifying an effective divisor D = ) k(%) on X and at
each point ¢ specifying the corresponding local data. The local data consists of an “ir-
regular type” and a residue orbit. Here an irregular type is an element Q € t((2))/tl[z]],
where z 1s a local coordinate on ¥ vanishing at ¢, 1.e. it is an element

with A; € t, so that Q) has a pole of order at most £;. Given an irregular type Q consider
the group H C G centralising Q, i.e. consisting of elements g € G such that gAjg™' = A;
for all j. Then the remaining choice (of residue orbit) is the choice of an adjoint orbit
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O c h =Lie(H). Given such local data (Q, O) (at #;) we consider connections on vector
bundles over X which are locally holomorphically isomorphic at ¢ to

d
dQ+ A & + holomorphic
<

for some A € O (and similarly at the other points of D, for other choices of local data).
Note that if ) = 0 we are just fixing the adjoint orbit of the residue of a logarithmic
connection. We will say such a connection is nonresonant (at t,) if ad, € End(f)) has no
eigenvalues which are nonzero integers. (In the nonresonant case fixing the local data is
equivalent to fixing the formal isomorphism class of the connection, but not in general.)

Given the divisor D and local data at each point ¢ of D there are several moduli
spaces one can consider (cf. the spaces M and their approximations M* in [6], and their
generalisations, the hyperkahler spaces of stable parabolic meromorphic connections in
[5]). Here we fix ¥ = P! and will consider some simple examples of moduli spaces of
connections with such fixed local data: we will consider meromorphic connections on
trivial vector bundles U x P' — P! which take the form

1

R;
9.4) Az(Az+B+T+Z:)dz
Lo

as considered in (2.5) (so in particular A, T are semisimple). Such a connection will be
said to be stable if it admits no proper nontrivial subconnections. (Here we work in the
category of connections on trivial bundles so any subconnection should also be on a
trivial bundle.)

Lemma 9.14. — Specifying such a connection s equivalent to specifying the following data:
A finite dimensional complex vector space U,
A finite set 1o and distinct t; € G for each i € I,
A grading U =P, V; of U by a finite set T,
A partition ' =| |, T; of T,
Distinct complex numbers a; € G for each j € J',
Complex numbers t; € G for each © € 1 such that t; # 1y if 1,1" € 1; for somej,
A linear map B; € Hom(W;, W) for each i # j € ] where W; = 69161,- Vi,
Elements R; € End(U) forall 1 € 1. ’

Proof. — Given such data set A = Zy @;1d; where Id; is the idempotent for W;, and
set T =Y, tId; where Id; is the idempotent for V;, and set B=") Bj, to obtain all the
coefficients of A. The converse is straightforward. O

Given such data (or the corresponding connection \A) let G’ be the complete |]J'|-

partite graph with nodes I', corresponding to the partition I’ = |_|jej/ I;. Specifying B is
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then equivalent to specifying a representation p of the graph G’ on the I'-graded vector
space U. The following is an elementary exercise.

Lemma 9.15. — The connection A is stable if and only if there are no nontrivial proper
subrepresentations U C U of p such that R;(U") C' U’ for all i € 1.

We wish to consider such connections with fixed local data. Thus, at the simple
poles, we fix adjoint orbits O; C End(U) and require R; € O; for each 7 € I,. At z =00
we fix an adjoint orbit @H C b, where b is the Lie algebra of H = [],., GL(V;) and
restrict to connections which are locally holomorphically isomorphic to connections of
the form

A
(Az+T+—+---)dz
z

near z = 00, for some A € On (i.e. we fix the orbit of the residue of the normal form).
Now, with the data A, T, {#;}, Oy, {O,} fixed, consider the space

Connsz‘ (@H ’ {OZ})

of 1Isomorphism classes of such connections which are stable.

The aim is to identify this with a space M?* of stable Weyl algebra module presen-
tations. First we set up the required data to define M*. For each ¢ € I set d; = rank(R,)
for any R; € O; and set V; = C%. Then define

O, C End(V,)

to be the unique orbit with the following property (cf. Appendix D): if R; € O; and R; =
Q ,P; for a surjective map P, : U — V,; and an injective map Q ; : V;, = U, then —P,Q) ; €
O,. Define I =T'U L, so that, since specifying Oy amounts to specifying an orbit O, C
End(V,) for each 7 € I, we now have @i C End(V;) forallz € I.

Further define J =J" U {00} (unless I is empty, in which case we set ] =]J'). (Here
we have identified J" with {4; | j € J'} C C.) Then let G be the complete k-partite graph
with nodes I, corresponding to the partition I = |—|J I;, where £ = []|. In particular we
have a subgraph G’ C G.

Thus we now have all the data G, V, (’3, a necessary to define M*(G, (’V)) as in
Section 9.4.

Theorem 9.16. — The space Conns[((bH, {O.}) of isomorphism classes of stable connections
is womorphic to M*(G, O).

Proof: — Recall that M* = ,u_l((’j)‘”/ﬁ where M_l(@) C M. Thus suppose we
have a stable representation p of G in u~'(O)*. By restricting to G’ C G we obtain the
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coefficient B of A, and p determines the coefficients R; = Q ;P; as usual. By Lemma 9.5
and Proposition D.1 the stability of p and the fact that A, € (51- implies R; € O, for all 7 €
Io. Next we need to check that fixing A; € O, foriel corresponds to fixing the residue
A of the normal form of A to be in Oy;. In other words (as the notation suggests) we need
to check that A, is indeed the th component of A. But A is computed in Appendix C to
be 7, (QP+[X, B]/2) = 7, (QP 4+ XB) where 7y, is the projection onto the h component,
and by definition the ¢th component of this is

ﬂl(QP + XB)ti = jTiE o FLZ' = _PiQ,i = Ai

as desired, for 7 € I. Finally one may check the resulting connection is stable, that all con-
nections with the given local data are obtained this way and that H orbits correspond to
isomorphism classes, all of which 1s now straightforward. (The natural symplectic struc-
tures also match up, cf. [6] Section 2, and Lemma A.1 below:) U

Thus we may also denote this space of stable connections as ./\/lj‘t(('v)H, {O;}). Com-
bined with Theorem 9.11 it is thus also isomorphic to a twisted quiver variety for a su-
pernova graph.

Note that giving a marking of the orbit O; is the same as giving a spectal marking

of O,. Explicitly suppose A; = —P,Q ; € (5,- and R, =Q P, € O,. Then if (&, ..., &)
is a marking of O; then (0, —&;, ..., —&;,) is the corresponding special marking of O;.
Indeed

R[[®Ri+&)=(D"Q;][(Ai—E)P:=0.
=1 =1

Thus the choices involved in identifying Conn_st((’u)H, {O:}) as a twisted quiver variety
amount to choosing a marking of O; for i €l'=1\ 1 and a special marking of each
orbit O; (for i € I,). Given such choices let G be the corresponding supernova graph and
let d, A be the corresponding data, so that

9.5) Conn, (O, {0}) Z QG A, d) = M%(G, A, d).

One useful input of the viewpoint of meromorphic connections is that we may
perform the following scalar shifts. Choose constants ¢; € G for each : € I, and set ¢ =
> ¢ Given orbits (Oy, {O;}) as above, consider the shifted orbits:

O, =0y+ddy,  O'=0,+cldy.

Lemma 9.17. — The moduli spaces Conn, (Oyy, {O1}) and Conny (O, {O1) are iso-
morphuc.
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Proof. — 'This is almost immediate from the expression (9.4) for the connections
Aj; the map is given by replacing each R; by R; + ¢; and leaving B unchanged. The orbit
Oy is shifted as stated since A = 7 (QP + XB) and QP =) "R, O

It 1s clear from the projected equations (7.6) that this operation relates the corre-
sponding isomonodromy connections.

Finally we can deduce isomorphisms corresponding to the reflections at the nodes
¢ € I of the core. Suppose that the support of d mtersects at least two parts I; C I of the
core nodes (1.e. that we are not in a trivial case with just one part).

_Corollary 9.18. — If1 € Land &; # O then the space ./\/l’ft(@\ , A, d) s isomorphic to the space
MG, 1;(A), si(d)) (where r,, s; are the reflections of Section 9.2).

Proof. — We may suppose ¢ € I, since if 7 € I; and ¢; # 00 then we may conjugate
by a symplectic SL,(C) transformation moving 4; to 00. Then in terms of connections
the idea is to first change the marking of the orbit O, swapping the order of the first two
eigenvalues. The resulting marking will not be special, so we then perform a scalar shift
to return to a special marking. This gives the desired reflection, as we will now verify in
detail. Suppose (1, &, ...) is the marking of (’2- for any j € I, so that

(0, _gih _gi% .. )

is the marking of O,. Let A denote the corresponding set of parameters (so for example

AL =&j1, Ajp = &9 — &1 on the first two nodes of the jth leg). After reordering, the marking

of O; is changed to (—&;1, 0, —&;, .. .). Since this is not special we perform the scalar shift
by ¢; = ¢ =&;, so O; is replaced by O! = O; 4 ¢ which has the special marking (0, ¢, ¢ —
&y, c—&;s,...),and O; is replaced by (’)j’- = O; + ¢, which has marking (¢c+&;, c+&p, ...),
for all j € I'. The isomorphism Conns,(('v)H, {O)h = Conn”((’v)h, {OJ{}) of Lemma 9.17
then yields the desired isomorphism Q(G, A, d) = Q(G, :(A), s:(d)), once we pass from
connections to twisted quiver varieties using the chosen markings. Indeed computing the
parameters corresponding to the new markings yields

b —c=—=§1=—ha,

hip > (Ep — ) — (—0) =& = Aip + Aa,

}\.]'1 = )"jl +c= }\.]1 + )"il
for all j € I', with all the other components unchanged; These are the components of

7;(A). Considering the dimensions, d;; is the only component of d which is changed, and
the new value ¢, may be computed in terms of d as follows:

d;; = rank(R;) = dim(U) — dim Ker(R,)
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d'; =rank(R; + ¢) = dim(U) — dim Ker(R; + ¢)
dip = dim(U) — dim Ker(R;) — dim Ker(R; + ¢)

so that &} = dim(U) + djy — d;;, which is the corresponding component of s;(d), given
that dim(U) = Z;‘el/ d;. O

Note that these scalar shifts generalise those in [9] (e.g. bottom of p. 185, in the
case with just one simple pole, |I,| = 1), whose origins lie in the twisted Fourier-Laplace
transform of [4]. They were used in [9] to better understand the Okamoto symmetries of
Painlevé VI (in particular the action on linear monodromy data was deduced using this
viewpoint in [9] Corollary 35—see also [8] Remark 4). Another approach is possible us-
ing the middle convolution operation [31], but this may be derived from Fourier—Laplace
(cf. [31] Section 2.10, [12] Diagram 1, [59]). The reflection isomorphisms constructed
here are analogous to those for Nakajima quiver varieties (cf. [11] Theorem 1 and ref-
erences therein), but it is not clear if they are actually equivalent; the moduli theoretic
approach here enables us to see the isomonodromy systems are preserved, and shows
that they will extend to the full hyperkahler wild non-Abelian Hodge moduli spaces (after
extending [56]).

10. Additive irregular Deligne—Simpson problems

Suppose we fix £ = P! to be the Riemann sphere and have an effective divisor
D =) k(%) on Z. If we fix local data (as in Section 9.6) consisting of an irregular type
and residue orbit at each point #, then we may consider the moduli space Conn,, of
stable meromorphic connections on the trivial bundle over ¥ with the given local data
at each point of D. The (unramified) additive wrregular Deligne—Simpson problem is then to
characterise the local data for which Conn,, is nonempty (i.e. for which there exists such
stable connections on the trivial bundle). This is the natural extension of the usual ad-
ditive Deligne—Simpson problem to the irregular case. We will solve some cases of this
here using [15] (these results appeared in the preprint [10]). In the Fuchsian case (all ir-
regular types zero) Crawley-Boevey [16] established a precise criterion in terms of roots
of an associated Kac-Moody root system for a star-shaped graph. This was proved by
identifying the space of stable Fuchsian systems with the stable points of a quiver variety
and then using earlier results [15] characterising exactly when certain quiver varieties
have stable points. In Section 9 we have identified some more general spaces of mero-
morphic connections with (twisted) quiver varieties and so can again use [15] to give a
precise criterion for the existence of stable points, as follows. The setup is the same as in
Section 9.6:

Choose a complex vector space U = C”, distinct points 7, . .., 4, € G and diagonal
matrices A, T € End(U). This determines the irregular type Q = Az*/2 + Tz at z = 0.
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Consider connections on U x P! — P! with Fuchsian singularities at each point # and
an irregular singularity at z = 0o with irregular type Q, Fix adjoint orbits Oy, ..., O,, C
End(U) and @H C h where ) C End(U) is the set of matrices that commute with both A
and T. The problem is to decide when there are stable connections of the form

A= (Az+B+T+Z )dz

with R; € O; and B € Im(ad,) C End(U) so that A is locally holomorphically isomorphic

to a connection of the form

A
(Az +T4+—+ holomorphic) dz
<

near z = oo for some A € Oy.
To answer this, choose markings as in Section 9.6 so a supernova graph G and data
A, d are determined, and there is an isomorphism

Connx,(('v)H, {Oi}) = Q(G\,A, d)

as in (9.9), from the space of such stable connections to the corresponding twisted quiver

variety. In particular G determines a Kac-Moody root system as described in Section 9.2.

Corollary 10.1. — There are stable connections A with the given local data as above, if and

(1) d s a positive root,

(2) A-d=0, and

3) Ifd=d, +dy+ - s anontrivial sum of positive roots such that A -d; = A - dy =
-+ =0, then A(d) > A(d;) + A(dy) + - - -, where A(d) =2 — (d, d).

Progf: — Since Theorems 9.11 and 9.16 show that such stable connections corre-
spond to stable points of a twisted quiver variety, and Crawley—Boevey [15] Theorem 1.2
has shown that these criteria characterise quiver varieties having stable points, it just
remains to show that our twisted quiver variety is isomorphic to an (untwisted) quiver
variety (or equivalently in the language of [15], that points of Q(G, A, d) correspond to
simple representations of the deformed preprojective algebra). This boils down to prov-
ing the following lemma. Let G C Q be the core of the graph g with nodes I C I and
choose an orientation of G. This gives a map G — g to the set of oriented edges g of
G (cf. Section 9.1), so each edge ¢ € G has a well-defined head /(e) € I and tail #(e) € 1.
Let M be the symplectic vector space of Section 3, which we identify with Rep(G, V)
as usual (see Proposition 9.3), with V = @, V,, V; = C*%. Recall from Proposition 9.2
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that H = [T, GL(V,) acts on M with moment map I' = (A;). On the other hand in the
theory of quiver varieties one identifies

(10.1) Rep(G, V) =T* @ Hom (V.. Vi)
G

with the cotangent bundle of the space of maps along the edges following the given ori-

entation. In this symplectic structure a moment map for the action of H has End(V,)
component taking p € Rep(G, V) to

> e@p@p(e)
€G,H(e)=i
where ¢ is the edge ¢ with the opposite orientation, and €(¢) = 1 ife€ G and e(¢) = —1 if

ee?\g.

R Lemma 10.2. — The space M and the cotangent bundle (10.1) are isomorphic as Hamaltonian
H-spaces.

Progf: — Recall that A; = —P;Q ; is the End(V;) component of EI' € End(V), so
that if p € Rep(G, V) is the representation corresponding to I" then

A= ) @p@p(e)
€G,t(e)=i

where ¢ (¢) := ¢ if eis the edge from ¢ € I; to 7' € I;. Thus if we define a linear map M —
M taking a representation p to the representation p" defined by p'(e) = —@ (e) p(e) /€ (e)
ife€ Gand p'(¢) = p(e) ife€ G\ G, then

P@p@p(e) =2(e)p'(@)p'(e)

forall e € ?, so the moment maps are intertwined as desired. Moreover, from Section 3,
the symplectic structure on M is given by

1 1
5Tr(da AdT) = 5 Zaqs(z)Tr(dp(z) Adp(e))
1 ! = !/
=5 > e Tr(dp' @) A dp'(e))
ecG
=Y Tr(dp'@ A dp'(0))
e€g

which is the standard symplectic structure on the cotangent bundle (10.1). 0J
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Thus Q(§ A, d) = 1('1// A(A; is isomorphic to a quiver variety (since M =M x L and we
already used the cotangent symplectic structure on the legs L), and so we may apply [15]
Theorem 1.2. O

11. Example reduced systems

Thus in summary we can now attach an isomonodromy system
(11.1) M xB—B

to the data é ,A,d,a as in Theorem 1.1 of the introduction. If nonempty then
dimg(M?*) =2 — (d, d) by Proposition 9.8, and a precise criterion for nonemptiness
is given in Section 10. Thus if one chooses some local (or birational) coordinates on M
then the isomonodromy connection on (11.1) amounts to a system of nonlinear equa-
tions of order 2 — (d, d). If the core G of G is a complete k-partite graph then, by moving
a around in P using the symplectic transformations, this isomonodromy system controls
isomonodromic deformations of linear systems .A on vector bundles with in general £+ 1
different ranks (depending on which, if any, of the £ elements of a is moved to 00). In other
words there are £+ 1 ways to read the graph in terms of connections (before considering
the reflections).

Since M is symplectic the simplest nontrivial case is dimension 2, when (d, d) =
0 (i.e. d 1s a null root). These cases correspond to affine Dynkin diagrams, and in turn
to the (known) second order Painlevé systems. The dimension vectors d for the super-
nova cases are as in the following diagram (d is the minimal imaginary root). (One may
also consider the type E affine Dynkin graphs but these are only of interest for Painlevé
difference equations, cf. [11]; they have no nontrivial isomonodromic deformations.)

These affine Dynkin cases are special since d is preserved by the reflections, and
only the parameters A are moved. In each case one still has the choice of the parameters
a, and we will now illustrate in the case of Painlevé VI how to read the graphs to give
various equivalent Lax pairs for these Painlevé systems.

11.1. Painlevé VI. — Here it is simplest to view the affine D, diagram as a super-
nova graph as in Figure 8 with just four nodes in the core, say I, consists of three of the
feet and Iy consists of the central node. The three ways to read this graph are then as
follows.

1 1 1 1

Fic. 7. — Dimension vectors for Pry, Py, Py
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(1)
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Fic. 8. — Affine D, as a supernova graph

a) = 00, ag = 0: This is the standard Lax pair as Fuchsian systems
3

A= (Z Riﬁ)dz

lz_z

on rank two bundles with four poles on the Riemann sphere. (The three finite
poles correspond to |I;| = 3 and the rank two is the dimension on the central
node.)

ay =0, ag = 00: This 1s Harnad’s dual Lax pair [26]; systems

A: <To + %)dz

on rank three bundles with a Fuchsian singularity and an irregular singularity
on the Riemann sphere. (The single finite Fuchsian singularity corresponds to
|I,] = I and the rank three is the sum of the dimensions of the nodes in I;.)

ay =0, ag = 1: This is the generic reading of this graph; as systems of the form

A=Az+B+T)dz

on rank five bundles with just an irregular singularity at 0o on the Riemann
sphere (and no others poles). (The rank five is the sum of the dimensions of the
nodes in I; U I,.) Explicitly the form of A specified by the graph is as follows:
A= dlag(O, 0, 0, 1, 1), T= diag(tl, tg, 53, t4, t4) Wlth |{l‘1, tg, tg}l =3 and B =
(Bgl B&‘") € End(C’ @ C?). Fixing the orbit of the residue A of the normal form
at z = 00 then corresponds to fixing the orbit of By, B}y € End(C?) and the
diagonal part of BBy, € End(G*). The nonlinear equations are as in (8.4)
with X = (5 70%).

If this graph is embedded in a larger graph, then performing reflections will give

infinitely many other Lax pairs. For example the graph in Figure 8 is the same as the
graph on the left in Figure 9 (obtained by adding a node with dimension zero). Then if
we perform three reflections working up the long leg from the toe, the diagram on the
right of Figure 9 is obtained. This graph may be read (as in (1) above) as Fuchsian systems
on rank three bundles with four poles on P! such that the three residues at finite points
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F16. 9. — Obtaining the 3 x 3 Fuchsian Lax pair for Py,

are rank one matrices. This is the alternative Fuchsian Lax pair for Painlevé VI used in
[9] to obtain new algebraic solutions of Painlevé VI (generalising that, for special values
of the parameters, in [21] Remark 3.9 and Appendix E).

11.2. Panlevé IV — Similarly the triangle G(1, 1, 1) may be read in various ways.
If the dimension vector is (1, 1, 1) one reading is as connections with one pole of or-
der 3 and one pole of order 1 on a rank two bundle (this is the standard Lax pair for
Painlevé 1V). The generic reading of this graph is as a space of connections on a rank
three bundle with a pole of order 3 and no others. (This generic reading appears in an
explicit form in [29].)

11.3. An infinite Weyl group orbit. — Consider the case A" of the triangle with a leg
of length one attached, as on the right of Figure 10 (but we will use different dimension
vectors here). Then [22, 44] the index two ‘rotation subgroup’ of the corresponding Kac—
Moody Weyl group is PSLy(E) where E = Z[w] 1s the ring of Eisenstein integers (where
= 1). For example if we label the nodes of A;+ as 1,2, 3,4 (with the 2 in the middle,
the 1 at the foot and 2, 3,4 on the triangle) and take dimension vector d = (1, 2,2, 1)
and generic parameters, then the corresponding moduli space M* (A, d) has complex
dimension 2. Indeed performing the reflections s;s953 yields dimension vector (0, 1, 1, 1)
so the variety is isomorphic to the space appearing in the case of Painlevé IV (which in
one reading is thus also isomorphic to a space of connections on a rank 3 bundle with 2
poles of order 1 and 3). On the other hand the Weyl group element (see [22] 4.20):

W = 515451 5954515351

has infinite order, realising the same space as a space of connections on bundles of arbi-
trarily high rank—indeed for n > 1 the space with dimension vector w"(1, 2,2, 1) may
be read as a space of connections as above on bundles of rank n*> + (n — 1) + (n — 2)*.
This thus gives an infinite number of Lax pairs for Painlevé IV. (In general we view each
such realisation as a “representation” of the abstract Painlevé system, or more generally
of the corresponding non-Abelian Hodge structure.)

11.4. Higher Painlevé systems. — Recall that the next simplest class of Kac-Moody
algebras after the affine ones are the hyperbolic Kac-Moody algebras which, by defi-
nition, have Dynkin diagrams such that any proper subgraph is either a finite or affine
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Dynkin diagram. Since we know the lowest dimensional moduli spaces (those of dimen-
sion two) are related to affine Dynkin diagrams it is natural to look amongst the hyper-
bolic graphs to find the next simplest cases. This was taken up in [10] pp. 11-12, where
a computer search was done for dimension vectors for hyperbolic supernova graphs such
that 2 — (d, d) =4, i.e,, so that the corresponding moduli space has dimension 4 (or that
the corresponding isomonodromy system has fourth order). By looking at these examples
one sees there are several natural families of examples, which arise by “doubly extend-
ing” a finite Dynkin diagram (i.e. by adding another node next to the extending node
of an affine diagram), and that these examples generalise to give examples with dimen-
sion 2 — (d, d) = 2n for any n. Within the class of (simply-laced) supernova graphs this
includes the following three cases.

Proposition 11.1. — Let G be one of the supernova graphs of Figure 10 wuth the gwen dimension
vector d, and let & be some generic parameters. Then M*(G, X, d) has dimension 2n.

Progf. — The dimension vector has the form d = nd + ¢ where § 1s the mini-
mal imaginary root for the affine subdiagram (removing the extending node with di-
mension 1), and ¢ is supported on the extending node, and so it is easy to compute

(d,d)=2—-2n O

Note that for n =1 these are in general isomorphic to the usual Painlevé systems,
since we may perform the reflection at the foot (the extending node) so the resulting
dimension vector is supported on the affine subdiagram.

We will now write down explicitly the simplest reading of each of these graphs
(for generic parameters A). This enables us to spot the pattern and thereby describe Lax
pairs for other higher Painlevé systems (we will ignore the ramified cases for simplicity,
even though they present little difficulty except in notation). Recall that the moduli spaces
are determined by fixing the local data at each pole, consisting of the irregular type and
residue orbit.

Let U= C*, and G = GL(U) with t C g = Lie(G) the diagonal matrices and fix
r =P.

11.5. Higher Painlevé VI. — Here X has four marked points and all irregular types
zero. The local data consists of four semisimple orbits O; C GL(U) for i = 1,2, 3, 4,

n n n
n 2n n 1 n n 1 n 1
n n n

FiG. 10. — Dynkin diagrams for higher Painlevé systems hPy,, hPy,, hPj,
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such that O, has three eigenvalues with multiplicities n, n — 1, 1 and each of the other
classes Oy, O3, O, has just two eigenvalues, each of multiplicity #. The resulting space
(O, x -+ x O,) /G has dimension (272> + 2n — 2) + 3(2n%) — 2(4n* — 1) = 2n.

11.6. Higher Painlevé V. — Here X has three marked points. Two of the marked
points are Fuchsian with local data given by semisimple orbits O; C GL(U) for : =1, 2,
such that O, has three eigenvalues with multiplicities n,n — 1, 1 and Oy has just two
eigenvalues, each of multiplicity n. At the third singularity the irregular type is Q = A, /z
with A, € t having two eigenvalues each of multiplicity #. The residue orbit at this irreg-
ular singularity is specified by two orbits in gl,(C); we take them both to be scalar orbits
(i.e. zero-dimensional). Thus the resulting space is of the form

(01 x Oy) /J GL,(C) x GL,(C)
Onu
where Oy is zero-dimensional and so, since O, has dimension 27> + 21z — 2 and O, has
dimension 27°, the resulting space has dimension 42> + 2n — 2 — 2(2n* — 1) = 2x.

11.7. Higher Painlevé IV — Here X has two marked points. One of the marked
points is Fuchsian with local data given by a semisimple orbit O C GL(U) with three
eigenvalues with multiplicities n, n — 1, 1. The other singularity has irregular type Q =
Ay/7* + A;/z with A,y € t having two eigenvalues each of multiplicity n (and A; € t is
any element whose centraliser in G contains that of Ay so that the centraliser H of Q
is GL,(C) x GL,(CQ)). The orbit of the residue of the normal form at this irregular sin-
gularity is specified by two orbits in gl,(C); we take them both to be scalar orbits (i.e.
zero-dimensional).

Remark 11.2. — Note that none of the readings of hPyy fall within the scope of
the JMU system for n > 2, whereas they all fall within the scope of this article (this was
one of our original motivations). On the other hand, using the above readings, the hPy;
system 1is a special case of the Schlesinger system and hPy 1s a special case of the JMMS
system. (Note that the fourth order member of the hPy; family has recently been written
in explicit coordinates by Sakai [52] p. 20. The corresponding graph appears in both
[10] p. 12 and [49] p. 21.)

11.8. Higher Painlevé III. — Here X has two marked points, say at z = 0, 0o. Both
marked points have irregular type of the same form Q, = Ay/z, Qs = Axz wWhere
Ay, Ax € t each have two eigenvalues of multiplicity n. At each pole the residue orbit
is specified by two orbits in g[,(C); we take them both to be scalar orbits (i.e. zero-
dimensional) at 0, and at 0o we take one scalar orbit plus a semisimple orbit with two
eigenvalues of multiplicities 1, n — 1 respectively.



56 PHILIP BOALCH

11.9. Higher Painlevé II. — Here X has just one marked point. The irregular type
Q is of the form As/z* + Ay/z* + A /z where A; € t has two eigenvalues each of multi-
plicity # (and A, Ay € t are any elements whose centraliser in G contains that of As, so
that the centraliser H of le GL,(C) x GL,(C)). The residue orbit is specified by orbits
(91, (92 C gl,(C); we take (91 to be a scalar orbit and (92 to be a semisimple orbit with
two eigenvalues of multiplicities 1, z — 1 respectively.

(The actual values of all the residue eigenvalues are chosen generically, subject to
the constraint that the sum of the traces is zero.) Similarly there are higher versions of the
Painlevé systems with ramified normal forms (this will be discussed in detail elsewhere).

Remark 11.3. — Note that in all the above cases, except that of Painlevé 111, the
underlying two-dimensional Painlevé moduli space M is isomorphic to an ALE hyper-
kahler four manifold ([34]) and it turns out that the (fibre of the) corresponding higher
Painlevé system is diffeomorphic to the Hilbert scheme of n-points on the correspond-
ing ALE space [37, 39]." Presumably this also holds in the case of Painlevé III (in this
case the underlying complex surface is a Dy ALF space). Further, presumably it should
hold also for the full moduli spaces M (as studied in [5]) and not just their approxima-
tions M* studied here. Said differently (changing complex structure) this suggests the
following conjecture: If My is a two-dimensional (meromorphic) Hitchin system then
the Hilbert scheme of n-points on My is again diffeomorphic to a meromorphic Hitchin
system, at least if the parameters involved are sufficiently generic. (Here we mean diffeo-
morphic on the nose, not just modulo a birational map.)’ Note that, using the graphs and
then extrapolating as above, we are thus able to predict exactly which higher dimensional
Hitchin systems to look at.
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Appendix A: Loop algebras and Adler—Kostant—-Symes
Let z be a standard coordinate on P! andlet D = {oo}U{#; | i € 1o} C P'. Write 2, = z2—¢;
and z, = 1/z, so we have a preferred local coordinate vanishing at each point of D.
Let g = gl,(C) where n = dim(U,,) and consider the Lie algebra g(xD) of rational
maps P! — g with poles of arbitrary order on D (and nowhere else). Thus, subtracting

the principal parts at each 4 to leave a g-valued polynomial, yields a vector space isomor-
phism

gxD)=L =L@ @Ei_

where L = z7 1g[zl—_l] and L = g[z']1 = g[z]. Of course L~ has its own (product) Lie
algebra structure, and as such it is “half” of the larger Lie algebra:

L=LodEPL

where £; = g((z)) and L+ = g((2x0)), 1.¢. there is a vector space decomposition £ = L @
L~ into subalgebras where LT = L1 & @ L with L = gllz]]l and L}, = zo08l 201l
(Beware that the convention for +/— is not uniform in the literature.) Now each L;
(including : = 00) has a nondegenerate invariant bilinear form given by

(X, Y) = Res; Tr(XYdz)

and together these determine a bilinear form on £. This identifies £~ with the dual of the
Lie algebra £ and so £~ = g(*D) inherits a Poisson structure. The symplectic leaves
are finite dimensional and are the coadjoint orbits of the group Gt = B, x [[G[[ %]l
corresponding to LT, where B,, C G[[2] is the kernel of the map evaluating at zo, = 0.

Lemma A.1. — The map
M — g(xD); > A=Az+B+T+Q(z—C)"'P
is a Poisson map, indeed it is the moment map_for an action of G* on M.

Lemma A.2 (Adler—Rostant—Symes, see e.g. [3] Theorem 3.1.). — The restriction to g(xD) of
any pair of Ad-invariant functions on L are Poisson commuting (and hence so is their pull-back to M).

Lemma A.3. — Fix A € g(%D) and choose an element B € L; for some i (or i = 00).
Suppose that [B, A_1- =0 € L; (where A_ € L is the projection of A). Then the Hamiltonian
vector field on g(xD) at A € g(xD) corresponding to the one-form Res; Tr(B d A)dz on g(xD) is

[Aa B—]g(*D)
where B_ € L; C g(xD) s the projection of B.
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Proof (of Lemma A.1). — Let Og denote the coadjoint orbit of By, through (Az +
T) € L. Then we have Op = {(Az 4+ T 4 B) | B € Im(ads) C g}. The tangents to Oy
are of the form B = [A, Y] for Y € g and without loss of generality we may assume Y €
Imad,. The (KKS) symplectic structure on Oy is, if we have a second tangent B’ = [A, Z]

o([A, Y1, [A, Z]) = Res Tr(Az + T+ B)[Y/2, Z/2ldz = —TrA[Y, Z]
=TrYB'
so that v = %TrdX A dB where dX = ad}' (dB), which appears in the expression (3.1)

for the symplectic structure on M. The other term Tr(dQ A dP) in (3.1) is just the sym-

plectic form on the cotangent bundle T* Hom(W,,, Uy ) which, breaking up W, de-
composes as ) ;. Tr(dQ; AdP;) on P, T*Hom(V;, Uy). Now G = G[[z] acts on
T*Hom(V;, Uy,) via the projection G — G (evaluating at #) and the action

2(QiP) = (¢Q. Pig”")
of G, which has moment map (Q ;, P;) = Q ;P;/(z— 1) € L; . Repeating for each ¢ yields
the result, noting that Q(z — C)"'P=Y"Q P;/(z — ). O

Proof (of Lemma A.3). — The one-form at A on g(xD) = L~ represents an element
X of L*. The minor subtlety here is that in the expression Res; Tr(3 d.A)dz we are taking
the full Laurent expansion of dA at z; = 0, so by definition X € £ is such that

Res, Tr(BdA)dz = (X, dA)

where on the right we take the various principal parts of dA. Thus if B =B, + B_ then
by the residue theorem X =B, — ., m;(B_) € L (where we include 00 in the sum if
i#o00,and ;1 L — £]+ is the map taking the Taylor expansion at ;). Thus using the
Poisson structure on g(xD) the one-form yields the Hamiltonian vector ady,.A, which is
the £~ component of [X, A], € L. This equals [A, B_]4n) since (as one may readily
check) it has the same component in each L. UJ

Appendix B: Harnad duality

By definition the Harnad dual of the rational differential operator

d
(B.1) - (To+ Qz = Too)™'P)

is the differential operator

d -1
o + (T + P(z = Tp)~'Q).
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(These formulae may be extracted from [26] Equations (1.4), (2.23), (2.24), where we
have replaced the symbols F, G, A Y, A by P, —Q, T, Ty, z respectively.) This may be
obtained from the Fourier-Laplace transform as follows (this is “well-known™’), cf. [4, 9,
53]: A local solution v of the first operator may be written as:

d
d_v =Tov+ Quw, (z— Ts)w = Puo.
74

Then replacing d% by z and z by —d% yields

dw
z2v="Tov+ Qu, —d——Tooszv
Z

SO ‘2—’; + Toow + P(z — Ty) "' Qw, which says w is a solution of the Harnad dual operator.
(One may interpret this in terms of presentations of Weyl algebra modules, as we do in
the body of this article.) Isomonodromic deformations of such operators are governed

by the JMMS equations. If P, Q solve the JMMS equations (1.4) on B' C B then the
connection
Q = d(zTy) + Qdlog(z — Too)P+ QP

on Wy x (P! x B') is flat, and the 3/9z component of it is as in (B.1). Now consider the
permutation

(W07 WOO7 P’ Q TOa TOO) = (W009 W()a Q} _P’ _TOO’ TO)

of the data obtained from the Fourier-Laplace transform. This again constitutes a so-
lution of the JMMS equations (and this is one of the main points of [26]), and so the
connection

Q' = —d(7T4) — Pdlog(z — T)Q — PQ.

on Wy, x (P! x B') is also flat (and its vertical component is the Harnad dual of that
above), 1.e. the same nonlinear equations govern the isomonodromic deformations of two
connections on different rank bundles. Note that other generalisations of Harnad duality
(different to ours) are studied in [58, 59] (see also [26] Section 4).

Appendix C: Leading term computation

At z = 00 the connection A on P! in (2.5) is formally isomorphic, via G[[z']], to a
connection of the form

A
(G.1) (Az—f—T—{— —>dz
<

7 In particular thanks are due to J. Harnad for telling me about [26] in Luminy in 1996, whilst I was trying to
understand the role of the Fourier—Laplace transform in Dubrovin’s work [21] on Frobenius manifolds.



60 PHILIP BOALCH

for some h = Lie(H) valued holomorphic map A=A+ A/z+ Ay/22 + -, where
H is the centraliser of A and T. We will say A is nonresonant (at 00) if ad, |, € End(h)
does not have any nonzero integer eigenvalues. If A is nonresonant then we may take
A = A to be constant. For example if f is a Cartan subalgebra (as in the case considered
by Jimbo—Miwa—Ueno [28]) then this condition is empty: all of their connections are
nonresonant at each irregular singularity. In the general linear case (as in the body of the
text) h = @iemw End(V;) and A has components A; € End(V;), and the nonresonance
condition is that each A; has no eigenvalues differing by a nonzero integer.

In this appendix we will suppose at first that A = A is constant (which is possi-
ble for example if we are in the nonresonant case). Then we will show at the end (in
Corollary C.6) how to remove this assumption.

Thus suppose we have A = A. Then note that the normal form (C.1) may be
written as d€ where & 1= AzQ/Q + Tz + Alog(2).

The aim of this appendix is to determine explicitly the first nontrivial term of any
formal isomorphism between (2.5) and the normal form (C.1). This is a formal series
g=1+g/z+g/2>+ - such that

A
Al = (Az + T+ Z)dz, A= Az+B+T)dz+ S(2)dz

where Sdz = (QP/z + Sg/z2 + --+)dz 1s the Laurent expansion at z = 00 of Q(z —
Ts) 'Pdz, and the square brackets denote the gauge action; g[A] = gAg™" + (dg)g™".
In general such g will not be unique. Our aim is to compute g; and A in terms of
A,B,T,P, Q. The strategy is as follows.

Write g = End(Uy,) and let g° = Im(ad,) C g and let h; = Ker(ady) so that, as
vector spaces

g=9"®h.
Then write ] = Im(adr|y,) C b and let h = Ker(adr[y,) so that

blzh(])@h’

and we have a nested sequence of Lie algebras g D f; D . Write 6 : g — b, for the
projection onto b, along g° and write 7y, : h; — b for the projection onto h along b3.
We will find g as a product

A A A

§' = 34281
where

&= ( .. 6/12/62/1/5)’ o= ( .. eYz/zQEYl/z)’ o= ( .. 6X2/52€X1/5)
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where X; € g°, Y, € b5, &; € b for all ¢, and where g moves A into b, g moves the result
into b and then g3 removes the remaining terms which are not singular at z = 0o. Note
that we will have

a=nh+Y +X.

To simplify notation we will write X = X.

Lemma G.1. — The following formulae hold:
X = ad;'(B), (1 +adp)h =L,
A =7y (R), Y, =ad; (R — A), L, = 7y (Ro + [Y1, R1/2),
R =§(QP +[X, B1/2),
7y (Rg) = 105 (QT P + [X, QP] + ad% (T)/2 + ad% (B)/3).
This will be proved below. One application of these formulae is to write down the

contribution at infinity to the extension to our context of the Jimbo-Miwa-Ueno one-
form (used to define the 7 function):

a ~—1
(C.2) woozResooTr(gf (g )
<

dedz) = —Resy Ir(g1dTdz/2) = Tr(gdT).
(Beware of the sign in the definition of T in [28] (2.17), also reflected in the sign after
(2.19).) Using the formulae, this is
Tr(ldT) = Tr(LedT) = Tr(Ry + [Y1, R]/Q)dT
= Tr(QTPdT) + Tr([X, QPI4T) — Tr([X, TI[X, dT1)/2
— Tr([X, BI[X, dT1)/3 + Tr(RR)/2

where R = ad} Y([dT, R]). If there are no simple poles, this expression remains valid for
any reductive structure group (replacing Tr(AB) by an invariant inner product (A, B)
throughout). In the general linear case it may be rewritten as:

Tr(QToPdT) + Tr([X, QPldT) — Tr(XTXdT)
+ Tr(X*TdT) — Tr(XBXdT)
+ Tr(QP8(QP))/2 + Tr(QPS(XB)) + Tr(XBS(XB)) /2.

After re-ordering the terms by degree this is (3.6). The only tricky parts in deriving this
are (1) to observe Tr(MN) = Tr(MN) in general, and (2) to note that

Tr((X*B + BX?)dT) = Tr((X*[A, X] + [A, X]X*)dT)
= Tr((X*AX — XAX?)dT)
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as the remaining terms are [A, X31dT which is traceless. In turn this is Tr(X[A, X]XdT) =
—Tr(XBXdT); this leads to the equality Tr[X, B][X, d'T]/3 =TrXBXdT.

Proof (of Lemma C.1). — Suppose that
(@a)[Al = (Az +T+) LiZ_l) dz
1

with L; € h. (Define A =1,.)
Lemma CG.2. — (1 4+ adp)h = L.

Proof. — Here and below the formula Ade,x)Y = Y- adi (Y)/n! will be very
useful. Thus

I L | = A e (Lo U, A= ) /2 4+ O(1/2).
The desired formula then arises from the vanishing of the second term. U

Note that under the nonresonance conditions on A the operator (1 4+ ad,) is invertible
and so £, 1s determined by Ly. Now suppose that

alAl= (Az + T+ Z Rizl) dz
1

with R; € hj;, and write R = R for the residue term.
Lemma C.3. — The elements Y, A, Ly € by are uniquely determined by R and 7wy (Ry):
A =my(R), Y, =ad;' (R — A), L, =7 (Ro + [Y1, R]/2).
Proof: — We have

MVAZ+ T+ ) R
=Az+ T+ (R+[Y,Tl)/z
+ (Ro+ [Y1, RI+ Y0, [V, T1)/2 = Y1) /& + -+

so A is the fh component of R and Y, 1s defined so as to kill the rest of R (i.e. the com-
ponent in hY). In turn Y, will be defined to kill the §] component of the displayed coef-
ficient of 272, so that Ly will be the b component. Given that [Y;, T] = A — R and that
my[Y1, Al =7y (Y,) = 0 we obtain the stated formula for L. ]
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Thus we finally need to compute R € b, and 7, (Ry) from A. We will write X =

X;.
e [Az +B+T+ Z Siz_i]
=Az+ B+ T+[X,Al) + (Si + [X, B+ T]+ adi(A)/2) /2
+ (S2 + [X, Si1+adi B+ T)/2 4 ad} (A) /6 — X) /2" + - --
Thus

X =ad,'(B)
and R will be the h; component of the residue, which simplifies to
R =§(QP + [X, B]/2).

Applying X%/ Z[] to the above expression for ¢*/<[A] just adds terms [Xy, Al/z +
[Xy, T1/2* + - -+, and the h component of [Xy, T] is zero so we deduce that

75 (Ry) = 75 (So + [X, QP] + ady (B + T)/2 + ad} (A)/6)
= 715 (QT P + [X, QP] + ady (T) /2 4 adi (B)/3)

since So = QTP and [A, X] = B. This completes the derivation of the desired formu-
lae. ]

Finally we will show that in fact the nonresonance conditions are unnecessary.

Lemma C.4. — There are formal transformations g € G[[1/z]] (with constant term 1) putting
A in the normal form

A+A 2+ A/
(A5+T+ 1/ o/ )dz

e
with A, A; € hand [N, A;] = —1A,, where N\’ 1s the semisimple part of A (i.e. A; is in the generalised

ewgenspace of ad in by with eigenvalue —1).

Proof. — We proceed as above to put the connection in f. Then it is effectively a
logarithmic connection (since A and T commute with everything in ), and so we can use
the usual Gantmacher—Levelt theory ([51] (2.20)). U

Now let g = 832,81 be any of these formal isomorphisms. Lemma C.2 is then mod-
ified to become

Lemma C.5. — (1 4+ ada)h =Ly — A,.
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Proof. — As in Lemma C.2 we look at the coefficient (Lo + [A;, A] — &) of 1/2°,
but in the resonant case we may not be able to choose /4, so that this vanishes. Rather, the
best that can be done is to decompose f into the generalised eigenspaces of A and define
A to be the component of Ly in the generalised eigenspace with eigenvalue —1, so that
Ly — A} has no component in this subspace, and we may define

h=(1+ady) ™ (Ly — Ay),
since (1 +ad,) is invertible on the direct sum of all the other generalised eigenspaces. [

However this does not affect the expression (5.6) for the Hamiltonian one form:
Corollary G.6. — The expression for @, = Tr(g1d'T) in terms of B, P, Q etc. is unchanged.

Progf- — As before it equals Tr(4,dT), and this is still equal to Tr(LydT), since
Tr(A,dT) = 0. Indeed for example A; = [A;, A’] and A’ commutes with ¢'T". The rest of
the formulae are unchanged. H

Note that in the resonant case £ is not so well defined, and so we work with the
expression zd'T" directly rather than “dg&” in the expression (C.2) used to define the t
function.

Appendix D: Relating orbits

Suppose P: U — V and QQ : V — U are linear maps between two finite dimensional
complex vector spaces U, V such that P is surjective and Q) is injective. In this appendix
we will recall the exact relation between the Jordan normal forms of QP € End(U) and
PQ € End(V). This is often used in the relation between graphs and orbits of matrices
(cf. e.g. [17, 33, 38]). Let O C End(U) be the orbit of elements conjugate to QP and let
O C End(V) be the orbit of PQ,

Recall that giving a Jordan form is equivalent to giving a partition (i.e. a Young
diagram) 7, for each complex number s, so that 7z, specifies the sizes of the Jordan blocks
corresponding to the eigenvalue s € C. For example the partition my = (2, 2, 1) specifies
the 5 x 5 rank 2 nilpotent matrix with three Jordan blocks of size 2, 2 and 1 respectively
(and it corresponds to the Young diagram with three rows of lengths 2, 2, 1).

Proposition D.1. — Let {1,} be the partitions giving the Jordan form of O and let {7t} be the
partitions giving the Jordan form of O. Then 1, = 7w, if s # 0, and 70y is obtained from 10y by deleting
the first (i.e. longest) column of . (In other words each part of 7wy is decreased by one to obtain 7,.)

Progf. — Decompose U =P U,V =V, into the generalised eigenspaces of
QP, PQ respectively. Then it is easy to see P maps U, to V; and QQ maps V, to U, and that
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these are isomorphisms if s 7 0. This establishes the result for s # 0 and we can reduce
to the case where both QP, PQ) are nilpotent. For the nilpotent case, let p; > po > --- >0
denote the lengths of the columns of 7 (i.e. the sizes of the parts of the partition dual to
7o). Then the relation between the orbit O of QP and these lengths is simply expressed
as

rank(QPY = "p;

i>]

for any j. In particular, as is well-known, these ranks determine 77y. Then to determine
the partition 77, corresponding to PQ we just note:

rank(PQ) = dim(PQY (V) = dim Q(PQ)Y (V) as Q is injective
= dim Q(PQYP(U) as P is surjective
= dim(QPY ™ (U) = rank(QPY ™.

Thus 7 has columns of lengths po, ps, .. ., as expected. O

In particular, given U, V, the orbit O is uniquely determined by O, and O is
uniquely determined by O (one just adds a column of length dim(U) — dim(V) to the
Young diagram of 77, to obtain 7).

Appendix E: Notation summary

P = CU{oo} “Fourier sphere”. J C P a finite subset.

V=W,

JeJ
§ =8 :End(V) > @ End(W)) C End(V)
J€J J€J
U=VeW:=PW. soV=W,eU, foralje].

i\
U;:=U; forany:el,.

C P ~ C

T, = SJ(/T\) € End(W;) semisimple, To, =C

W, = @Vi, eigenspaces of T}, I= I_llf’ soV= @Vi.

i€l; el
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T = Z tId;  where t; € G, 1d; idempotent for V;, C V

1€l

F=y°=y—8(y)= (& E) € End(Wo, @ Us)

E=¢M)= (& ;(P> € End(Wo ® Uy) where
X = ad,'(B) € End(U,,)
M= @ Hom(W;, W;) = End(V)® symplectic space dependent on
ije]
a:J—>P

Q-:Foti:Vi—>Ui, Pi:—nl—oE:Ul——>Vl-
R, = QP € End(U)), A, =—P,Q, € End(V))
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