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ABSTRACT. In this paper, we address the problem of classification of quasi-homogeneous
formal power series providing solutions of the oriented associativity equations. Such a clas-
sification is performed by introducing a system of monodromy local moduli on the space
of formal germs of homogeneous semisimple flat F-manifolds. This system of local moduli
is well-defined on the complement of the doubly resonant locus, namely the locus of for-
mal germs of flat F-manifolds manifesting both coalescences of canonical coordinates at
the origin, and resonances of their conformal dimensions. It is shown how the solutions of
the oriented associativity equations can be reconstructed from the knowledge of the mon-
odromy local moduli via a Riemann-Hilbert-Birkhoff boundary value problem. Furthermore,
standing on results of B. Malgrange and C. Sabbah, it is proved that any formal homoge-
neous semisimple flat F-manifold, which is not doubly resonant, is actually convergent. Our
semisimplicity criterion for convergence is also reformulated in terms of solutions of Losev-
Manin commutativity equations, growth estimates of correlators of F-cohomological field
theories, and solutions of open Witten-Dijkgraaf-Verlinde-Verlinde equations.
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1. INTRODUCTION

Oriented associativity equations. In this paper, we address both the problem of classifi-
cation and the convergence issues of formal solutions, in the ring of formal power series with
complex coefficients, of the oriented associativity equations [LMO00, LM04, Man05]. These
consist of the overdetermined system of non-linear partial differential equations, in n func-
tions F'(t),..., F"(t) depending on n variables t = (t!,...,t"), given by

OF®  OF” ¥ OF®  OF"
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;Auﬁtﬂﬁtﬁzéﬂ’ A e C, a,f=1,...,n.

The oriented associativity equations are a natural generalization of Witten-Dijkgraaf-Verlinde
-Verlinde (WDVV) associativity equations [Wit90, DVV91]. Their solutions (F*,..., F™)
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reflect the rich geometry of F-manifolds with a compatible flat structure, for short flat F'-
manifolds [Man05].

Flat F-manifolds. In the early 1990s, B. Dubrovin introduced Frobenius manifolds as
geometrical materialization of solutions of WDVV equations [Dub92, Dub96, Dub98, Dub99|.
This notion turns up in many areas of Mathematics: for example Frobenius manifolds play
a key role in mirror symmetry, singularity theory, quantum cohomology, integrable systems,
and symplectic geometry.

It was soon realized, however, that weaker (i.e. with relaxed axioms) variants of the Frobe-
nius structure are of interest per se. The core notion is that of F-manifolds, introduced by
C. Hertling and Yu.I. Manin in [HM99]. Such a notion not only strictly includes the Frobe-
nius structures, but it also greatly broadens the scope of the examples and applications.
Examples of F-manifolds, indeed, arise not only in singularity theory [Her02], but also in
quantum K-theory [Lee04], differential-graded deformation theory [Mer04, Mer(6], and even
information geometry [CM20].

Flat F-manifolds — introduced by Yu.I. Manin [Man05]—- are an intermediate notion, weaker
than Frobenius, but stronger than F-manifolds:

Frobenius manifolds << flat F-manifolds <C  F-manifolds.

Flat F-manifolds are equipped with the minimum amount of structures to share some of
the deeper properties of Frobenius manifolds, including Dubrovin’s deformed connection,
Dubrovin’s almost duality, and also operadic descriptions. See [Man04, Man05, LPR11,
AL13, AL17|. These structures are also studied in |Get04], where they are called Dubrovin
manifolds.

A flat F-manifold (in the analytic category) is a complex manifold M whose tangent spaces
are equipped with an associative, commutative and unital algebra structure —analytically
depending in the point— whose product o is compatible with a given flat connection V. This
means that each element of the pencil (V#),cc, defined by V5Y = VxY +2X oY, is required
to be flat and torsionless.

The compatibility of (o, V) implies a potentiality condition: in V-flat local coordinates
t=(t'...,t") on M, with n = dim¢ M, the product o descends from a vector potential:
there exists F = (F',..., F") such that

2 o

0,0 OO0y (1.1)
ot ot = oot ot~

The associativity of o is equivalent to the oriented associativity equations for F'. Vice-versa,
starting from a solution F' of the oriented associativity equations, we can define a flat F-
structure via equation (1.1). If the starting solution F' is a tuple of formal power series in
k[t] (with k a Q-algebra), the resulting flat F-structure is said to be formal over k. It can
be seen as a flat F-structure on the formal spectrum Spf k[¢].

Homogeneity, semisimplicity, and double resonance. In this paper we consider only
quasi-homogenous solutions F' of the oriented associativity equations, i.e. satisfying a further
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condition of the form
OF"® : .
Z[(l — )t + TQ]W = (2 — q)F?(t) + linear terms in ¢,
for suitable complex numbers q,,r® € C. The resulting flat F-manifold is said to be homo-
geneous, or conformal. The vector field E = 3" [(1 — ¢a)t* + r®]z% is then an Euler vector
field, i.e. it satisfies the conditions VVE = 0 and £g(o) = o. We say that p € M is tame
if the spectrum of the operator (Eo), € End(7,M) is simple, otherwise we say that p is

coalescing.

An analytic flat F-manifold is said to be semisimple if there exists an open dense subset
of points p whose corresponding algebra (7,M, 0,) is without nilpotent elements. This is
equivalent to the existence of idempotents vectors my,...,m, € T,M: mon; = md;; for i, j =
1,...,n. If a manifold is both homogenous and semisimple, the eigenvalues of the tensor
(Eo) can be chosen as local holomorphic coordinates in a neighborhood of any semisimple
point p € M. Tame points are necessarily semisimple, whereas coalescing points may or may
not be semisimple.

With each homogeneous semisimple (analytic/formal) flat F-manifolds we can associate
a tuple (d1,...,0,) of numerical invariants called conformal dimensions. Fix a semisimple
point p € M, and introduce the operator

0 0
ugeEnd(TpM), ,ug( ):qa— a=1,...,n.

ot ot
The conformal dimensions can be defined as the numbers 4y, ...,d, € C satisfying
,ug(m)om =om, 1=1,...,n.

They are defined up to ordering, and they actually do not depend on the chosen semisimple
point p € M. The flat F-manifold is be said to be conformally resonant if 6; — §; € Z \ {0}
for some ¢, 7. The conformal dimensions of a Frobenius manifold are all equal, with common
value %l (the number d € C is the charge of the Frobenius structure). In particular, Frobenius
manifolds are never conformally resonant.

In the formal case, all the conditions on points introduced above (tameness, coalescence,
semisimplicity) are intended to be referred to the origin ¢ = 0, the only geometric point of
the formal spectrum Spf k[t].

A (germ of) pointed flat F-manifold (M, p) is be said to be doubly resonant if M is
conformally resonant, and p is coalescing.

Results. One of the main aspects of Dubrovin’s analytic theory of Frobenius manifolds
is their isomonodromic approach. Under the quasi-homogeneity assumption of the WDVV
potential, the semisimple part of a Frobenius manifold can be locally identified with the
space of isomonodromic deformation parameters of ordinary differential equations on P!
with rational coefficients, see [Dub98, Dub99].

In this paper, we extend to the case of homogenous semisimple flat F-manifolds both
Dubrovin’s analytical theory as well as its refinement developed in [CG17, CDG20|. The

key ingredient is a family (6)‘) acc of flat extended deformed connections on 7*T'M, with
m: M x C* — C*, whose restrictions to M x {z} equal V* = V + z(— o —). These families of
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flat connections V* on homogeneous flat F-manifolds were first introduced by Yu.l. Manin
[Man05].

Remark 1.1. In [Sab07, Chapter VII, §1| the notion of Saito structure without metric is
introduced. These structures are defined in terms of several data on a complex manifold M.
Among them there is a flat meromorphic connection V on the bundle 7*TM on M x P!
It turns out that the notion of Saito structure without metric is equivalent to the notion
of homogeneous flat F-manifold, and that V is one of the connections V* above. See also
[KMS20], in which it is shown that the space of isomonodromic deformation parameters of
extended Okubo systems can be equipped with Saito structures without metrics.

For any germ (M, p), semisimple and not doubly resonant, we introduce a tuple of numer-
ical data, the monodromy data of the flat F-manifold. These data split into two pieces: a
pair (p*, R) of matrices called “monodromy data at z = 0”, and a 4-tuple (S}, Ss, A, C) of
matrices called “monodromy data at z = c0”. Precise definitions are given in Section 4. In
the case of Frobenius manifolds, all these data are subjected to several constraints: the final
amount of data coincides with the 4-tuple (u, R, S, C) of monodromy data introduced by
Dubrovin in [Dub98, Dub99|. If M is analytic, the monodromy data define local invariants
of M: if py,ps € M are sufficiently close, the data of the germs (M, py), (M, ps) are equal.

Theorem 1.2 (Cf. Theorems 6.10, 6.15). Any homogeneous semisimple (analytic/formal)
pointed germ of flat F-manifold, which is not doubly resonant, is uniquely determined by its
monodromy data. In particular, the vector potential F' can be explicitly reconstructed from
the monodromy data via a Riemann-Hilbert-Birkhoff boundary value problem.

We show that the totality of local isomorphism classes of germs of n-dimensional flat F-
manifolds can be parametrized by points of a “stratified” space, whose generic stratum has
dimension n%. The monodromy data provide a system of local coordinates. The Frobenius
structures correspond a locus of generic dimension %(n2 —n). See Theorem 6.19.

The re-construction procedure of the flat F-structure is based on a crucial property of
a joint system of “generalized” Darboux-Egoroff equations [Lorl4|: solutions I'(u) of this
system of non-linear partial differential equations are uniquely determined by its initial value
', at one point u, € C" (with possibly u! = u! for i # j), provided there is no conformal
resonance. See Lemma 6.16.

We underline that both the initial values (u,,I',) and the monodromy data provide a
system of local coordinates on the space of germs of flat F-manifolds. The reconstruction
procedure of F' in terms of the initial values, however, is generally impossible, the depen-
dance being typically transcendental (e.g. for n = 3, the general Darboux-Egoroff system
reduces to the full-parameters family of Painlevé equations PVI, see |[Lorl4]). This makes
the monodromy data “preferable” as a system of coordinates for the classification of flat
F-structures.

There is a further advantage in choosing the monodromy data as a system of local moduli.
Indeed, they make possible the study of convergence issues.

Theorem 1.3 (Cf. Theorem 6.17). Let F' € C[t]*" be a quasi-homogeneous solution of the
oriented associativity equations. If F' defines a semisimple formal flat F-manifold, which is
not doubly resonant, then F' is a tuple of convergent functions.
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For the proof, we invoke results of B. Malgrange [Mal83a, Mal83h, Mal86| and C. Sabbah
[Sab18| on the solvability of families of Riemann-Hilbert-Birkhoff problems. More precisely,
we use their equivalent formulations given in [Cot20c|. Notice that Theorem 1.3 generalizes
[Cot20c, Theorem 5.1].

Cohomological field theories. Frobenius structures are intrinsically correlated to the no-
tion of cohomological field theories. The geometry of Frobenius structures reflects properties
of the cohomology rings H*(Mj ,,C), with n > 3, and they can indeed be defined in terms
of H*(M,,,, C)-valued poly-linear maps. See [KM94, Man99, Pan18].

At the level of flat F-manifolds, such a construction has been generalized in two different (a
posteriori equivalent) ways. The first one is due to A. Losev and Yu.l. Manin [LMO00, LMO04],
the second one to A. Buryak and P. Rossi [BR18|. See also [ABLR20a, ABLR20b, ABLR21].

In [LMO0], a new compactification L, of My, is introduced. The boundary strata repre-
sent isomorphisms classes of stable n-pointed chains of projective lines, in which the marked
points do not play a symmetric role. In [LMO04], a notion of genus 0 extended modular operad,
and L-algebras over it are studied. Moreover, it is shown that the differential equations sat-
isfied by generating functions of correlators of L-algebras lead to two differential geometric
pictures: the first one is the study of pencils of flat connections, based on the commutativity
equations, the second one is the study of flat F-manifolds, based on the oriented associativity
equations. These two pictures are actually locally equivalent, if a further amount of data —
a primitive element — is given. See also the constructions in [Los97, Los98].

Notice that the compactifications L,, and Mo,m and their higher genus analogs, both arise
in the more general construction of [Has03| as compactified moduli spaces of weighted pointed
stable curves, for two different choices of the weights. See also [Man04].

In [BR18] A.Buryak and P.Rossi introduced the notion of F-cohomological field theories
(F-CohFT) as a generalization of both cohomological field theories [KM94, Man99|, and
partial cohomological field theories [LRZ15]. An F-CohFT is defined by the datum of a
family of H®*(M,,,C)-valued poly-linear maps on a tensor product V* ® V& (V is an
arbitrary C-vector space), which satisfy some natural &,,-equivariance and gluing properties.
Given an F-CohF'T, its genus zero sector (or tree level) defines a formal flat F-structure on

V.

In Section 7, we review all these cohomological field theoretical approaches to flat F-
manifolds, their equivalences, and we rephrase our semisimplicity criterion of convergence
in terms of solutions of Losev-Manin commutativity equations, and growth estimates of
correlators of F-CohFT’s. Furthermore, in Appendix B we prove! that any formal flat F-
manifold over C descend from a unique F-CohFT in the sense of P.Rossi and A.Buryak.
This is in complete analogy with the Frobenius manifolds case, see [Man99].

Structure of the paper. In Section 2 we present some preliminary material and basic
properties of flat F-manifolds, in both formal and analytic categories. We recall definitions
of homogeneity, semisimplicity of flat F-manifolds. We also introduce the notion of local
isomorphisms, pointed germs, and irreducibility of flat F-manifolds.

IThe author is not aware of a proof of this fact in literature.
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In Section 3, we firstly describe how to reconstruct oriented associativity potentials from
deformed coordinates on a flat F-manifolds. We then introduce a family of flat extended
deformed connections V*, and we develop the analytical theory of its flat (co)sections. We

study the differential system of V- flatness in three different frames: the flat frame, the
idempotent frame, and a normalized idempotent frame (the normalizing factors are the so-
called Lamé coefficients). We also introduce Darboux-Tsarev and Darboux-Egoroff systems
of equations.

In Section 4, after introducing the notion of spectrum of a flat F-manifolds, we define
the monodromy data of a homogeneous semisimple flat F-manifold. We also describe their
mutual constraints. In Section 5, we then clarify the dependence of the monodromy data on
all the choices normalizations involved in their definition. Different choices of normalizations
affect the numerical values of the data via the action of suitable groups. We show that the
analytic continuation of the flat F-structure is described by a braid group action on the tuple
of monodromy data.

Section 6 contains the main results of the paper. After introducing the notion of admissible
data and the related Riemann-Hilbert-Birkhoff (RHB) boundary value problem, we recall
some results of B. Malgrange and C. Sabbah as formulated in [Cot20c|. We show that germs
of flat F-structures can be constructed starting from solutions of RHB problems. Moreover,
we show that any germ is of such a form: it can be reconstructed from its monodromy data.
It is also proved that any formal germ of homogenous semisimple flat F-manifold (over C),
which is not doubly resonant, is actually convergent.

In Section 7, we review equivalent approaches for defining flat F-manifolds. We recall the
notions of Losev-Manin commutativity equations, Losev-Manin cohomological field theories
(LM-CohFT), and F-cohomological field theories (F-CohFT) in the sense of A. Buryak and
P. Rossi. We discuss the equivalence of these notions. Furthermore, we also discuss relations
with the open WDVV (OWDVV) equations. Our semisimplicity criterion is reformulated in
terms of growth estimates of correlators of LM-CohFT and F-CohFT, and convergence of
solutions of OWDVYV equations.

In Appendix A, we provide a proof for the following characterization of irreducibility of
flat F-structures in terms of Euler vector fields: a flat F-manifold is irreducible if and only
if any two arbitrary Euler vector fields differ by a scalar multiple of the unit vector field.

In Appendix B, we prove that any formal flat F-manifold descends from a unique tree-level
F-CohFT.

Acknowledgements. The author is thankful to D. Guzzetti, C. Hertling, A.R. Its, P. Loren-
zoni, Yu.l. Manin, D. Masoero, A.T. Ricolfi, P. Rossi, V. Roubtsov, A. Varchenko, C. Sabbah,
M. Smirnov, D. Yang for several valuable discussions. The author is thankful to the Hausdorff
Research Institute for Mathematics (HIM) in Bonn, Germany, where this project was started,
for providing excellent working conditions during the JTP “New Trends in Representation
Theory”. This research was supported by HIM (Bonn, Germany), and by the FCT Project
PTDC/MAT-PUR/ 30234/2017 “Irregular connections on algebraic curves and Quantum
Field Theory”.
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2. FLAT F'-MANIFOLDS

2.1. Analytic flat F-manifolds. Let M be a complex analytic manifold with dimension
dim¢c M = n. Denote by T'M, T*M the holomorphic tangent and cotangent bundles, and by
T, QL their sheaves of sections. If E — M is a holomorphic bundle with sheaf of sections
&, we denote by I'(E) = I'(M, &) the space of global sections. By usual abuse of notations,
we will write X € & for X € I'(U, &) for some (or arbitrary) open set U C M.
Let (M, V,c¢,e) be the datum of
(1) a connection V: Ty — QY ® Ty on TM;
(2) asection c€ ' (TM ® O} T*M);
(3) a vector field e € I'(T'M) such that
(a) c(—,e,—) =c(—,—,e) € I'(End T M) is the identity morphism,
(b) Ve =0.
Denote by X oY := ¢(—, X,Y) the commutative product defined by the tensor ¢, and

introduce the one-parameter family of connections (V#), . defined by V3V := VxY +2XoY
for X, Y € 9.

Definition 2.1. We say that (M, V,c,e) is a flat F-manifold if the connection V* is flat
and torsionless for any z € C.

Let t = (t!,...,t") be a system of V-flat local coordinates on M. Set 9, := 0%’ for
a=1,...,n and define ¢, := c(dt*, 0, 0,). The flatness and torsionless of V7 is equivalent
to the associativity of o, and the symmetry of 8acg,y in (o, B,7). Hence, there locally exist
analytic functions F' = (F', ... F") € O%, such that
_OPF"

Cﬁv—m, @,5,")/:1,...,71.

In what follows the Einstein summation rule is used over repeated Greek indices. Let A* € C
be constants such that e = A%0,. From the associativity of o and the properties of e, we
have

aQFa N
s = 05 a,B=1,....n, (2.1)
OPF™ 9 FH OPF™ 9*FH
a,B,v,0=1,...,n. (2.2)

OtrOL? HOB  Otrot OO’

Equations (2.1), (2.2) are called oriented associativity equations, and F' is the oriented as-
sociativity potential of the flat F-structure.

A flat F-manifold is said to be homogeneous if there it is equipped with an Fuler vector
field, i.e. a vector field E € I'(T'M) such that

VVE =0, Lgc=c.
Lemma 2.2. We have [e, E] = e.

Proof. The condition £gc = ¢ is equivalent to [E,Y o Z]| — [E,Y]o Z —[E,Z]oY =Y o Z,
for Y, Z € Zy. 'Y = Z = e, the identity follows. OJ
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Homogeneous flat F-manifold are also called Saito structures without metric, [Sab07,
Ch. VII]. We assume that the (1,1)-tensor VE is diagonalizable, and in diagonal form in
the t-coordinates:

. (04 (63 8 «
E = ;((1 - QQ>t +7r )%, o,T € C. (23)
The condition £gc = ¢ is thus equivalent to
LOF
otH
Definition 2.3. A flat F-manifold (M, V, ¢, e) is a Frobenius manifold if there exist a sym-
metric non-degenerate Oy-bilinear form 1 € T'()* T* M), called metric, such that

Vn=0, and n(XoY,Z)=n(X,YoZ2), X,Y,Ze€ Iy (2.5)

E

=(2—qu)F*+ A3t" + B*, Aj,B*€C. (2.4)

In such a case, V is the Levi-Civita connection of . A vector field E € I'(T'M) is Euler if
it satisfies the conditions

Lre=c, Lgn=(2—-d)n, (2.6)

where the number d € C is the conformal dimension (or charge) of the Frobenius manifold.

Remark 2.4. An Euler vector field E for a Frobenius manifold is automatically an Euler
vector field for the underlying flat F-manifold. The condition VVE = 0 is indeed implied
by the conformal Killing condition (2.6), and the flatness of V.

Remark 2.5. In the case a flat F-manifold is actually Frobenius, the oriented associativity
potentials F = (F', ..., F™), solutions of (2.1) and (2.2), can be shown to locally descend
from a single WDVV potential F'(t), i.e. a solution of the system of equations

PF B .
Au—atﬂata_ﬁtﬁ = Nap = const., 1= (Mag)as 7 1 _ (n ﬂ)mﬂ a.B=1. . .n
PF BF OBF PF

jn

— v
ot oo ororor  oporor oronor
The potentials F'*’s are the components of the n-gradient of F, that is F*(t) = n®?9sF (t).

a,B,v,6=1,...,n.

2.2. Formal flat F-manifolds. Let

e k be a commutative Q-algebra,
e H be a free k-module of finite rank,
e K := k[H*] be the completed symmetric algebra of H* := Homy(H, k).

Fix a basis (Ay,...,4A,) of H, and denote by t = (t!,...,t") the dual coordinates. The
algebra K is then identified with the algebra of formal power series k[t]. Denote by Dery(K)
the K-module of k-linear derivations of K. Put 0, = a%: K — K. The module Der(K) is
a free K-module with basis (0y,...,0,). We will write ®,, for 0,® for ® € K.

Elements of Hx := K ®, H will be identified with derivations on K, by A, + 0,.

Definition 2.6. A formal flat F-manifold structure on H is given by an n-tuple ® =
(®y,...,P,) € K", satisfying the oriented associativity equations (2.1), (2.2), where A* € k.
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Define the K-linear multiplication o on Hg by

g %l 0?7
AgoAgi=c gy, Chgi= EYERTE a,B=1,...,n.
The oriented associativity equations imply that o is associative, and that e := A*A, is the
unit of the algebra (Hg,o0). A vector E' € Hg is an Euler vector if it is if the form (2.3),

and the pair (F, ®) satisfies equations (2.4).
Let Diff;(Hg, Hgk) denote the set of 2 € Homy(Hy, Hy) such that
ab?(p) — bZ(ap) —aP(bp) + P(abp) =0, a,be K, pe€ Hg.

Both Dery(K) and Diff; (Hg, H) are naturally equipped with a K-module structure. A (for-
mal) connection on H is defined by a K-linear morphism V: Dery(K) — Diffy (Hg, Hg),
u +— V,, satisfying the Leibniz rule

Vulap) = u(a)p+aVyp, a€K, pe Hg.

The torsion and curvature of V are the K-bilinear morphisms 7', R: Dery(K') x Dery(K) —
HOHIK(HK, HK) defined by

T(U,U) =V —Vyu— [U7U], u,v € Derk(K) = Hy,
R(u,v) := [V, V,] — Viuw) u,v € Derg(K).

We can thus introduce the one-parameter family (V*).cx of (formal) connection given by

V3,08 := 204 0 Op.

Remark 2.7. If F := (F',... F") is a (formal/analytic) solution of the oriented associa-
tivity equations (2.2), then also F' := (A F', ..., \,F") is a solution for any (A, ..., \,) €
(C*)™. If the original flat F-manifold has a unit e = A*0,, then the rescaled flat F-manifold
structure has unit € = ﬁA“@M.

Remark 2.8. If £ is an Euler vector field for a given flat F-manifold structure, then also
E — Xe is an Euler vector field, for A € C. Under two further assumptions of semisimplicity

and irreducibility, one can prove that any Euler vector field is of this form. See Theorem
2.17.

2.3. Local isomorphisms and pointed germs. Let (M;,V;, ¢;, e;), with i = 1,2, be two
analytic flat F-manifolds. A biholomorphism ¢: M; — M, is an isomorphism of flat F-
manifolds if
(1) dp(ker Vi) C ker(¢*Vy), where do: T, — ¢* Ty, is the differential of ¢, and ¢*V,
is the pulled-back connection on ¢*T'Ms,
(2) for each p € My, the map dy,: T,M; — T, M, is an isomorphism of unital algebras.

Lemma 2.9. Let My and My be two isomorphic flat F-manifolds. Giwen two systems of
local flat coordinates, t on M; and t on My, the corresponding local potentials Fy(t) and
F5(t) are related by

Fg(t) = GSF)Nt) + linear terms int, a=1,...,n,
t=op(t)=Gt+c,
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where G € GL(n,C) and ¢ € C" is a constant vector.

Vice-versa, Fi(t), F5(t) be two solutions of (2.1) and (2.2). If they define isomorphic flat
F-structures, then there exist A, € C* such that

F5¥(t) = Mo F(t) + linear terms int, a=1,...,n. O

A pointed flat F-manifold is a pair (M, p), where M is a flat F-manifold, and p € M is a
fixed base point. Isomorphisms between pointed flat F-manifold will always be assumed to
be base point preserving. Given (M, p) we will always consider flat coordinates t vanishing
at p.

Two pointed flat F-manifolds (M, p1), (M, p2) are locally isomorphic if there exist open
neighborhoods ©; C M; of p;, and 25 C M of p, respectively, with isomorphic induced flat
F-structures, i.e. (Q,p1) = (Q2,p2).

A pointed germ is a (local isomorphism) equivalence class of pointed flat F-manifolds.

Any analytic pointed flat F-manifold (M, p) induces a formal flat F-manifold (H, ®) over
k = C. Choose flat coordinates t vanishing at p, and set H := T,M. Let Oy, be the local
ring of germs at p, and m be its/riaximal ideal. The formal potential & is given by the
image of F** in the completion Oy, = lim (Onrp/m) of the local ring Oy this means
that ®* is defined by the Taylor series expansion of F'“ at p in coordinates t. Moreover, the
formal flat F-structure (H, ®) is also equipped with a flat unit e|,. If M has Euler vector
field E, then (H, ®) has Euler vector field E|,. We will say that the formal flat F-structure
constructed in this way, starting from an analytic one, is convergent.

Vice-versa, let us assume that (H, ®) is a formal flat F-structure over k = C (with Euler
vector field). If the common domain of convergence @ C H of the power series ®* € k[t] is
non-empty, it is easily seen that ) is equipped with an analytic flat F-structure (with Euler
vector field).

2.4. Semisimple flat F-manifolds. Let (M,V,c,e) be an analytic flat F-manifold. A
point p € M is called semisimple if the algebra (7,M,o,) is without nilpotent elements.
This is equivalent to

e the existence of idempotent vectors my,...,m, € T,M, i.e. such that m; o, m; = md;;,
e the existence of v € T, M such that vo,: T,M — T,,M has simple spectrum.

Semisimplicity is an open property: if p € M is semisimple, then there exists an open
neighborhood V of p, such that any point of V is semisimple. Moreover, if V is small enough,
we have well defined local idempotent holomorphic vector fields 7y, ..., 7, € T'(V, Z4). See
e.g. |[Her02, Ch.II] for a detailed discussion.

Let (H,®) be a formal flat F-manifold. Denote by oy the product on H defined by
structure constants c§. (0) := 92 3®[¢=o. We will say that (H, ®) is

e semisimple at the origin if we have an isomorphisms of k-algebras (H,og) = k",
e formally semisimple if we have an isomorphism of K-algebras (H,0) = K".

Formal semisimplicity is thus equivalent to the existence of vectors m; € Hpg such that
T; O Ty = 7Tz'5ij-
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Lemma 2.10. A formal flat F-manifold is formally semisimple iff it is semisimple at the
origin.

Proof. The proof of [Cot20c, Lemma 4.2] works verbatim. O
Remark 2.11. In both formal and analytic case, we have e = " | ;.

Proposition 2.12. For both formal and analytic semisimple flat F-manifolds, the idempo-

tents vectors my, ..., T, are pairwise commuting, i.e. [m;, ;] = 0. Hence, there exist local
coordinates w = (u',... u") such that m; = % fori=1,...,n. The local coordinates w will
be called canonical. O

In the formal case, the functions u’ are formal functions, i.e. elements of K. Canonical

coordinates u are defined up to permutations and shifts by constants. We set 0; := 8‘21- for
1=1,...,n. If an Euler vector field is given, then the shift freedom can be actually frozen.

Proposition 2.13. A vector field E € I'(T'M) satisfies £pc = ¢ iff in canonical coordinates
it has the form E = Zj(uj + ¢9)d;. Up to shifts of canonical coordinates w, we have

E:zjujﬁj. |:|

Hence the eigenvalues of the tensor (Fo) € I'(End T'M) may and will be chosen as local
canonical coordinates.

Definition 2.14. A point p € M will be called

e tame if the operator Eo,: T,M — T,,M has simple spectrum
e coalescing, otherwise.

If a point is tame, then it is necessarily semisimple, and with pairwise distinct canonical
coordinates.

The same definition can adapted to the formal case, relatively at the origin ¢ = 0, by
looking at the spectrum of Foy: H — H.

At coalescing points p, we have u(p) € A where A C C™ denotes the big diagonal

A= U{uz = Uj}.
i#]
For a given flat F-manifold M, denote by Aut(M) the group of isomorphisms ¢: M —
M. For semisimple flat F-manifolds, Proposition 2.12 allows to compute the connected
component Aut(M)y of the identity.

Proposition 2.15. If M s a semisimple flat F'-manifold, then the connected component
Aut(M)g of the identity is a commutative n-dimensional Lie group. Moreover, it acts locally
transitively on M.

Proof. The Lie algebra of Aut(M) can be identified with the Lie algebra of vector fields

X € I'(T'M) on M such that £xc = 0. This is equivalent to the condition
(X,)YoZ|-[X,Y]|oZ—-[X,Z]oY =0, Y,Ze€ .

In local canonical coordinates u, set X = >, X'0; and take Y = Z = 9;. We have 9;X* =0

for all j, k. Hence, locally X is a constant linear combination of the idempotent vector fields
0;. In local canonical coordinates, the flow of X reads as shifts u* — u’ + ¢'. O
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Remark 2.16. In [AL13] a notion of bi-flat F-manifold is introduced. This consists of the
datum of two flat F-manifolds structures (V,o,e) and (V*, *, E), on the same manifold M,
satisfying the following compatibility conditions:

(1) E is o-invertible on M,

(2) £p(o) = o,

(3) X*Y =E1loXoY, foral X,Y € J,

(4) (dy — dy+)(Xo) =0, for all X € Fy (here dy is the exterior covariant derivative).
In [AL17], in the tame semisimple case (pairwise distinct canonical coordinates), it is proved
that a bi-flat F' structure is actually equivalent to the datum of a homogeneous flat F-
manifold with invertible Euler vector field F.

2.5. Irreducible flat F-manifolds. If M;, M, are two flat F-manifolds, their product M; x
M is naturally equipped with a flat F-structure, called the sum M; & M,. If M, My are
homogenous, then also M; & M, is homogeneous.

We say that a flat F-manifold M is irreducible if no pointed germ (M, p) is locally isomor-
phic to a pointed sum (M; @ M, p').

In the semisimple homogeneous case, we have the following characterization of irreducibil-
ity.
Theorem 2.17. Let M be a formal/analytic semisimple and homogeneous flat F-manifold.
The following conditions are equivalent:

(1) M is irreducible;
(2) if By, Ey € T'(T'M) are two Euler vector fields, then Ey = Ey—Xe for some A € C. [

The proof of this result can be found in Appendix A.

Remark 2.18. Theorem 2.17 underlines how much selective is the condition VVE = 0.
In the category of F-manifolds (not necessarily flat), Euler vector fields are defined® by the

condition £gc = ¢ only. For semisimple F-manifolds, given an Euler vector field E, all other
Euler fields are of the form E + 3" Cm;. See [Her02, Ex. 2.12(ii)].

3. EXTENDED DEFORMED CONNECTIONS

3.1. V*-flat coordinates and oriented associativity potentials. In both the analytic
and the formal context (over k), we can look for V*-flat coordinates of the flat F-structure,
i.e. functions t®(¢, z) such that V*dt® = 0. Assume they are of the form

ot z) = _ho(t)2" € k[t 2], h§(t)=t", a=1,...,n
p=0

Theorem 3.1. The functions hy satisfy the recursive equations
hy(t) =1, 0,05h0,, = 30:hS, peN.
Proof. The V*-flatness equations for a one-form § = &,dt* are 0,3 = zc%f A- O

2A more general notion of Euler vector field of weight d € C is discussed in [Her02, Man99]: these are
vector fields E such that £pc=d-c. If d # 0, one can always rescale FE in order to be of weight 1.
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Corollary 3.2. The functions h$(t) equal the oriented associativity potentials F*(t) up to
linear terms.

Proof. We have 0,0sh{ = cf, . O

3.2. Family of extended deformed connections. Following [Man05, Section 3|, we in-

troduce a one-parameter family (@A) » of flat connections, which “rigidify” the family (V*).,.
See also [BB19, Section 4.3|, [ABLR20a, Section 1.4].

Analytic case. Let (M,V,¢c,e, E) be a homogenous flat F-manifold. Introduce the (1,1)-
tensors U, p™ € T'(End(TM)), with A\ € C, by the formulae

UX)=EoX, pMX):=(1-NX-VxE, X¢€ .
By equation (2.3), in t-coordinates we have p* = diag(qy — A, ..., g, — \).

Denote by m: M x C* — M the canonical projection on the first factor. If .7, denotes the
tangent sheaf of M, then 7*.7; is the sheaf of sections of 7*T M, and 7~1.7; is the sheaf of
sections of m*T'M constant along the fibers of 7. All the tensors ¢, e, E,U, pu can be lifted to
the pullback bundle 7*T'M, and we denote these lifts with the same symbols. Consequently,
also the connection V can be uniquely lifted on 7*T'M in such a way that V 2 Y =0 for
Y € WﬁlyM. .

The extended deformed connection V*, with A € C, is the connection on 7*T M defined
by the formulae

~ 0 ~ 1
V% Y=VoY 420V, VAY =V Y +UY) — —p (YY), (3.1)
e ™ ot 9z 9z z

where Y € 7*.%,.

Formal case. Let k be a commutative Q-algebra and (H, ®, E') a formal homogeneous flat
F-manifold manifold over k. Denote by k((z)) the k-algebra of formal Laurent series in an
auxiliary indeterminate z. Set K((2)) := k[t](2)) and Hg ) = H @i K((2)).

In what follows we assume that the K-linear operator VOE: Dery(K) = Hgx — Hpg
is (diagonalizable and) in diagonal form in the basis (Aq,...,A,). Define the K-linear
operators U, 1, with X € k, by the formulae

Z/{ZHK—>HK, Xl—>EOX,
pr: Dery(K) = Hg — Hig, X+ (1—-)\) —VxE.

All the tensors o,U, p* can be K((z))-linearly extended to Hy.). We will denote such an
extension by the same symbols.

Denote by Diffy (H (), Hi()) the set of morphisms 2 € Homy,(Hg ), Hk(z)) such that
ab?(p) — b (ap) — a2(bp) + Z(abp) =0, a,be€ K(2), p€ Hg(z)-

Both Dery(K((2))) and Diffy(Hg .y, Hr(-)) are naturally equipped with an K ((2))-module
structure.
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The extended deformed connection V*: Der,(K((2))) — Diff; (Hg (), Hx(z)) is the K((2))-
linear operator defined by the formulae

_ _ ) 1
VX =V, X, VhX = X 1 UY) - p(X),

ot 9z aZ

where Y € HK((z))-
In both the analytic and formal pictures, the following result holds.
Theorem 3.3. The connection V> is flat for any A € C (resp X\ € k).

Proof. The flatness of VA is equivalent to the following conditions: E)O[c‘g7 is completely
symmetric in (o, 3,7), the product o is associative, VVE = 0, and £gc = c¢. This can be
easily checked by a straightforward computation. 0

Remark 3.4. For \ = %d, the connection V> equals the extended deformed connection V as
defined by Dubrovin [Dub96, Dub98, Dub99|. In that case, the tensor U (resp. pu = u(%)) is
n-self-adjoint (resp. n-anti-self-adjoint). It follows that if (;, (s € 7*F)s are two V-flat vector

fields, then the pairings ({1, ()« =17 <§1 (t, eF™V=12), Gt z)) do not depend on (¢, z). See
also |[CDG20, Section 2.

3.3. V*-flat covectors. In both the analytic and formal pictures, the extended connections
V* induce connections on the whole tensor algebra of 7*T'M (resp. Hi(z)). So, for exam-
ple, let ¢ denote a V*-flat section of the bundle 7*(T*M). In the co-frame (dt®)"_,, the

a=1
equation V¢ = 0 can be written, in more convenient matrix notations, as the joint system
of differential equations

o _ v, 0 _ LAY
at“ - ZCaf? 82 - <Z/{ Z,u g? (32)
where £ = (£1,...,&,)7 is a column vector of components w.r.t. (dt®),, and

(Ca)g = Clﬁ? (U)g = Escgsa (:u)\)g = (qa - /\)5&5'

We will refer to the second of equations (3.2) as the 0,-equation of the flat F-manifold.

3.4. Matrices \TJ, ‘71-, ‘7A,f. Assume that (M,V,c, e, E) is a semisimple homogeneous flat
F-manifold, and introduce the Jacobian matrix ¥ by

~ ou
vl = a—j;, L,a=1,...,n.
In canonical coordinates w, under the gauge transformation # = (U—1)7¢, the system (3.2)
becomes .
oz ~\T oz 1~
= (:E-V) a = (U--) & 3.3
G (B 5 G- (v-17) s 33
where

(E)jk = 00, U = diag(u',...,u"), Vi=0V -0~ V =0.p* v L
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Proposition 3.5. The following facts hold true for both formal and analytic semisimple
homogeneous flat F-manifolds.
(1) There exist an off-diagonal matriz T such that
V=V + [T, El, i=1,...,n,
VA= (V) + [I,U].
In particular, f; = —(‘71)3 fori#j.
(2) We have
B,V = [0, V)], oV*=[V,,V]. (3.6)
(3) The diagonal entries of the matriz VA are constant w.r.t. u.
(4) We have RV = o;V;.
Proof. The compatibility condition 0;0; = 0;0; implies the constraints
Oy =0V, = Vi, Vil [Bi, By = 0, (3.7)
[Eiv V}] = [Ej7 V;], (3'8)
Identities (3.7) are trivially satisfied, by definition of the matrices F; and Vi. From (3.8), we
deduce

(On = o)Vl = Qi = d) (Vii ==, (V) = (65 = 0) (V) = [T, Bil,

where I' = (ffc) ;i is defined by fi = —(XN/])fC This proves (3.4). The compatibility condition
0;0, = 0.0; implies the constraints

[E;, U] =0, (3.9)

B,V =[U, V)], aV*=[V;, V. (3.10)

Identity (3.9) is trivially satisfied. Identity (3.5) follows from (3.4) and the first of (3.10).

The constancy of (V*)' follows from the second identity of (3.10), and equations (3.4), (3.5).
Finally, from the first identity of (3.7) we have 0;V/ —0;V] = [V;, V;]' = 0, by (3.4), (3.5). O

3.5. Darboux-Tsarev equations, and conformal dimensions. Let us introduce the
Christoffel symbols K75 by V,0; = 3=, K50

Lemma 3.6. We have K|} = —(V))".

J

Proof. The claim follows from the following computation:

Vo,0; = Vo (¥)30u] = [0:(7)5100 = = 3 (¥7)7 005 (¥71)]0a = =Y _(V)j0r. O
¢ ¢
Proposition 3.7. The following identities hold true:
thj =0, 1,7, h distinct, (3.11)
K=K, =—-K =T, 17, (3.12)
Ki=—=2> .10 (3.13)
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Moreover, the functions f; satisfy the Darboux-Tsarev equations
Ot = —Ti0y + DT, + 4T i,k distinct, (3.14)
Yol =0, i #j. (3.15)

Proof. In canonical coordinates we have ¢}, = 050;. Consequently, (Vc)s, = > 070 K}, —
0y K}, — 05K}, We have K5 = K, because V is torsion free. Hence, from the symmetry
(Vee)s, = (Vjc)y, one obtains (3.11), and the first two equalities of (3.12). The equality
Kl = fz follows from Lemma 3.6. Equation (3.13) follows from the condition Ve = 0.
By flatness of V, the components R, of the Riemann tensor equal zero. By definition we
have R}y, = 0K}, — 0K, + 3 K, K7, — 3 Kj, K}, Darboux-Tsarev equation (3.14) is
equivalent to R}, = 0. From the identity V0, = > j(ai\i?g)aj + 22 Wi V,0;, summing
over 7, we obtain

0= V.00 =5, Voda = ¥, (zz. aﬁg) 0+, V.0, (3.16)
——
Vo, e+[e,05]=0
We have
0Lt = —OF UL (U1 + 9L > () 9, Wh (U717
h
Summing over k, and using (3.17), we obtain (3.15). O
Corollary 3.8. Fori=1,...,n, the matrix 172 has the following structure
_T! r'!
L r2
. _Ti-1 Nz:;l
Vi= = i EZ . T T T U
o S T & SR Zh;ﬁi L, =L o =15
T e
I —Ir

Proposition 3.9. We have V* = —\- 1+ 3. u'V],.

Proof. For any ¢, we have

Vo E=Vo > wdj=0+> wVydj =0+ WKL =0+> wK}\.
J Jsh

Jh

J

By Lemma 3.6 one concludes. U
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Corollary 3.10. The following identities hold true:

S WV = -V, (3.18)
J
J
(' —u)oTh = Y (uw —u){-TT; + Til} + T;T} — T, (3.20)
0#i,j
(W —u)O,Th = Y (' —u){-T'T} + i) + TiT5} — T (3.21)
0445

Proof. Equation (3.18) follows from the second equation of (3.6) and the first equation of
(3.7). Equation (3.19) is easily deduced. Equations (3.20) and (3.21) follow from (3.14),
(3.15), and (3.19). 0

Remark 3.11. In this section we started from a given semisimple flat F-manifold and we
obtained a solution F; of the Darboux-Tsarev equations. The opposite construction works
as well: in [AL15] it is shown that the datum of

a solution f; of (3.14),(3.15),

the connection V with Christoffe'l symbols K7, given by (3.11),(3.12),(3.13),
the structure constants ¢, = 00y,

the vector field e := ). 0;,

locally defines a (tame) semisimple flat F-manifold structure on C™ \ A.

Conformal dimensions. By Propositions 3.5-(3), and 3.9, there exist complex numbers
01,...,0, € C such that

(VN = =X-1+diag(dy, ..., 6,).

Definition 3.12. The numbers dy, ..., J, are called conformal dimensions of the (formal or
analytic) semisimple flat F-manifold. We will say that a (formal/analytic) semisimple flat
F-manifold is conformally resonant if 6; — §; € Z \ 0 for some i, j.

Remark 3.13. We have §; = 3, u*(1})i = D iU’ = uF\T

Remark 3.14. In the case of Frobenius manifolds, all conformal dimensions equal %d, where
d is the conformal dimension of equation (2.6). In particular, a Frobenius manifold is never
conformally resonant.

3.6. Lamé coefficients, matrices ¥, V;, V* T, and Darboux-Egoroff equations. For
any 7 = 1,...,n define the one form

w;(u) == — Z ‘Z(u)iduz

Proposition 3.15. The one-forms w; are closed. There locally exist functions H;(uw) such
that
dlogH; =w;, j=1,...,n.
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Proof. 1t follows from point (4) of Proposition 3.5. OJ

The functions H; are called Lamé coefficients, and they are defined up to scalar rescaling
Hj — )\jHj, )\j e C~.

Arrange the Lamé coefficients in the diagonal matrix H := diag(H, ..., H,), and define
the matrices

U:=HU, V,:=HV,H'+8H-H', V:=HV*H ', TI':=HIH
Proposition 3.16. The functions Hy, ..., H, satisfy the following system

k#i J

Proof. Tt easily follows from the definitions and identities of the previous section. O

Under the gauge transformation z = (H )Tz, the system (3.3) becomes

% = (2B, - V)" z, g—‘z = (U — %VA>TJZ. (3.22)
Proposition 3.17. The following identities hold true:
Vi =[T, Ey, (3.23)
VA= (VY 40U, (VY = (VY =diag(d — A, ..., 6, — N), (3.24)
oV - U=V, [E;, VN =[U V], 0V*=[V,, V. (3.25)
Proof. 1t easily follows from the definitions and identities of the previous section. O

Proposition 3.18. The matriz I" satisfy the Darbouz-Eqgoroff equations

Ol =TT, i, k distinct,  (3.26)

>, kT =0, i 7, (3.27)

> uFO I, = (8; — 0; — 1)IY, i # 7, (3.28)

(v —u")oT% = Zkﬁj(uk — /)T ITY — (6; — &; — 1), (3.29)
(u' = )OT = 37 (uF = u )T — (6; — 6; — )T, (3.30)

Proof. 1t easily follows from the definitions, the Darboux-Tsarev system for f, and the ho-
mogeneity identities (3.19) of the previous section. O

Remark 3.19. For n = 3, the Darboux-Egoroff joint system of equations (3.26), (3.27),
(3.28) is equivalent to the full family of Painlevé equations PVI. See remarkable formulas of
[Lorl4, Theorem 4.1].

Remark 3.20. In the case of Frobenius manifolds, there is a canonical choice for the Lamé
coefficients: H; = n(0;, 81-)% for i = 1,...,n. The resulting coefficients I‘é are the rotation

coefficients of the metric 7. They satisfy the further symmetry condition F; =T
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Remark 3.21. In the light of Remark 3.20, given a semisimple flat F-manifold with a fixed
choice of the Lamé coefficients H;, we can define a metric by n := Y "  H?du’. Such a
metric clearly is compatible with the product, in the sense that the second of equations
(2.5) is satisfied. The flatness of 7 is the obstruction for the flat F-manifold to be actually
Frobenius. For a more invariant description of the metric 7, see [ABLR20a, Prop. 1.8|.

In [ABLR20a| a further notion of semisimple Riemannian F-manifold is introduced. In
loc. cit. it is also proved the local equivalence of semisimple flat F-manifolds and semisimple
Riemannian F-manifolds. Notice that the notion of semisimple Riemannian F-manifolds
given in [ABLR20a] relaxes the axioms of analog structures introduced in [DS11, LPR11].
See also the recent preprint [ABLR21].

From a given homogeneous semisimple flat F-manifold, we obtained a joint system of
equations (3.22). In the analytic case, such a joint system defines® an isomonodromic system,
because of integrability equations (3.25).

Vice-versa, one can start from such an isomonodromic system to construct the homoge-
neous semisimple flat F-manifold structure. This is exactly the point of view of the definition
of Saito structures without metric given in [Sab07, Ch. VII, §1.a].

Notice that one can actually work with a companion Fuchsian system, obtained via a
Fourier-Laplace transform. This is the point of view of [KMS20], in which Saito structures
without metric are constructed on the space of isomonodromic deformation parameters for
extended Okubo systems.

In both [Sab07, KMS20], coalescences of the parameters of deformations (the entries of
U = diag(u',...,u") of equation (3.22)) are not taken into account. In our equation (3.22),
on the contrary, we allow coalescences, provided that the matrix ¥ is not singular, i.e.
provided that the geometric point of the flat F-structure is semisimple. In the recent paper
[Guz20], D. Guzzetti extended the results of [BJL81, Guz16] to the case of Fuchsian systems
with confluent singularities. Furthermore, in [Guz20| a notion of isomonodromic Laplace
transform is introduced: with such an analytic tool, the study of the correspondence

Monodromy data of an irregular system <— Monodromy data of a Fuchsian system,

originally developed in [BJL81], has been extended to the isomonodromic case (possibly with
coalescences/confluences). This also gives a new proof of the results of [CG18, CDG19].

The point of view of the current paper differs from the perspective of [Sab07, KMS20],
via a Riemann-Hilbert correspondence. In Section 6, we will show a one-to-one correspon-
dence between (local isomorphism classes of ) homogeneous semisimple flat F-structures and
solvable Riemann-Hilbert-Birkhoff problems.

4. MONODROMY MODULI OF ADMISSIBLE GERMS OF SEMISIMPLE FLAT F-MANIFOLDS

4.1. p-nilpotent operators and p-parabolic group. Let (V) u) be the datum of a n-
dimensional complex vector space, and a diagonalizable operator u: V' — V. Denote by
spec(p) = (1, - - -, ftn) the spectrum of p, and by V,,, the eigenspace corresponding to the
eigenvalue fi,.

3This will be explained in details the next section.
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We say that A € End(V) is p-nilpotent if
AV, C @ Viyesm for all p, € spec(p).

m>=1
In particular such an operator is nilpotent in the usual sense. Denote by ¢(u) the set of all u-
nilpotent operators. It is easy to see that the set ¢(u) is a Lie algebra w.r.t. the commutator
[—,—] in End(V'). We can decompose a p-nilpotent operator A in components Ay, k > 1,
such that
Akzvua g Vua-i-k for any o € spec(u),

so that the following identities hold:
AT = Ay At A3 [, Agl = kA, for k=1,2,3,. ...

Lemma 4.1. Let (V) as above, and let us fix a basis (v;)!, of eigenvectors of p.

(1) The operator A € End(V) is p-nilpotent if and only if its associate matriz w.r.t. the
basis (v;)i_, satisfies the condition (A)§ = 0 unless pio — pg € N*.

(2) If A € End(V') is a p-nilpotent operator, then the matrices associated with its compo-
nents (Ag)r=1 w.r.t. the basis (v;)i_, satisfy the condition (Ay)3 = 0 unless fio—pp =
k. with k € N. 0

Define the p-parabolic group to be the Lie group C(u) of operator G € GL(V') such that
G =1+A, with A € ¢(u). We have the canonical identification of Lie algebras T1C(u) = ¢(p),
and the canonical adjoint action Ad: C(u) — Aut ¢(u) defined by

Adg(A) == GAG™', GeC(u), Acc(u).

Remark 4.2. Consider the space V* := Hom¢(V, C). Each f € End¢ (V) induces a dual map
f* € Endc(V*), defined by f*(w) := wo f, where w € V*. This defines an anti-isomorphism
of Lie algebras

(=) Endc(V) = Ende(V®),  [fi, fo]" = —[f1, £3].

The image of ¢(u) coincides with ¢(—u*).

4.2. Spectrum of a flat F-manifold. Consider an analytic pointed flat F-manifold (M, p).
For any € C, we have a pair (7,M, ,u;‘) satisfying all the assumption of Section 4.1. We can

consequently introduce the Lie algebra C(MS); and the Lie group C (,u;‘).

If (Vi,11), (Va, o) are two pairs as in Section 4.1, a morphism of pairs f: (Vi,pu1) —
(Va, p2) is the datum of a linear morphism f: V; — V5, compatible with the operators py, o,
ie, usof=fopu.

Given A1, Ay € C, it is easy to see that the pairs (T, M, ") and (T,M, 41?) are isomorphic.
Moreover, given py,ps € M, the two pairs attached to the germs (M, p;) and (M, p,) are
(non-canonically) isomorphic: using the connection V, for any path v : [0,1] — M with
7(0) = p; and (1) = po, the parallel transport along 7 provides an isomorphism of the pairs
at p; and p».

As aresult, with any homogeneous flat F-manifold manifold (M, V, ¢, e, E) (not necessarily
semisimple), we can canonically associate an isomorphism class [(V, )] of pairs as above,
which will be called the spectrum of M.
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Fix a system of flat coordinates ¢t = (¢!, ..., ") diagonalizing pu* = diag(q1 — A, ..., ¢, — ).
We can thus introduce the A-independent matrix Lie algebras
c(p) :== {R € gl(n,C): R =0 unless ¢, — g € Z>0} ,
o(—p) = {R € gl(n,C): R = 0 unless ¢, — g3 € Z<0} ,

which are canonically anti-isomorphic via transposition, see Remark 4.2. We also denote by
C(p) and C(—p*) the corresponding parabolic Lie groups.

4.3. Solutions in Levelt normal forms and monodromy data at z = 0. We now
introduce some formal invariant of the given analytic flat F-manifold, by studying Levelt
normal forms of solutions of the joint system of differential equations (3.2).

Theorem 4.3.
(1) There exist n x n-matriz valued functions (G,(t))y>1, analytic in t, and a t-independent
matriz R € ¢(—p*), such that the matrix

[1]

(t,2) = G(t,2)2" 2% G(t,2) =1+ G,(t)=,
p=1

is a (formal) solution of the joint system (3.2).
(2) The series G(t,z) converges to an analytic function in (t,z). The matriz Z(t,, z) is a
fundamental system of solutions of the 0,-equation of (3.2) for any fized t,.

Proof. Consider n functions (¢, z) = > peo Py (#) 2P such that VZdt® = 0, and 1°(¢,0) = t°.

This translates in the following recursive equations for the coefficients hy:
ho(t) = 1%, 0,0phy. .y = ¢S50y, p = 0.

Introduce the Jacobian matrix J(t,z) = (J§)a,s, with Jg(t,2) = g%. Under the gauge

transformation & = J7¢€, the joint system (3.2) becomes

t T
% _ <chaJ1 - @—le) £=0,

ot ot~
of 1 a7 1t
8_i = |:J (Z/{ - ;,U/\) J - &J 11 § (4'1>
1 ~
= (—;(uA>T+U1T+zU2T+22U§+~-) $

for suitable matrices Uy. From the compatibility 0,0, = @Qa, it folloyvs that the matrices
Uy, are t-independent. Up to a further gauge transformation £ — G(z)&, of the form G(z) =
1+ 507, Gi2", the differential equation (4.1) can be put in a normal form

5. =
(Rk)§ # 0 only if p — py = —k, k>1.

i3 1
é-—<_;/L)‘—|—ff1—|—ZR2—|—Z2‘R3—|-...>, (42)
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Indeed, from the recursion relations

[y

R, =Ul'+nG, — [Gn, 1’| + Y (GutUl — RLG i)

1

we determine the entries (Ry,)% for (u*)o—(p*)s = —n, and (G,,)§ for (1*)o—(p)s # —n. We
set (Gr)§ = 0 for (p*)o — (1) = —n. See also [Gan59]. A fundamental system of solutions

of (4.2) is given by £(z) = 2~ 2%, where R := ", Ry. The proof of the convergence of the
series G(t, z) is standard, the reader can consult e.g. [Was95, Sib90)]. O

3

i

Corollary 4.4. The monodromy matriz My, defined by Z(t, 2™~ 12) = Z(t, 2) My, is inde-
pendent of t. We have My := exp(—2mv/—1p*) exp(2my/—1R). O

Solutions Z(t, z) of the form above will be said to be in Levelt normal form.

Theorem 4.5. Assume that

[1]

(£,2) = G(t,2)z 2" G(t,2) =14 G,(t)", R€c(—p)
p=1

(t.2) =Gt )2 2R G(t.2) =1+ G,(t)2", Rec(—p),
p=1

[

are two solutions of the joint system (3.2), in Levelt normal form. Then there exists a unique
C € C(—p*) such that R = C~*RC, the function po(z) == 2 2RCz B2 s polynomial in
z, and G(t,z) = pc(2)G(t, z).

Proof. By assumption there exist a unique invertible matrix C' € M, (C) such that = = ZC.
This implies that

GG = s RO B,
We deduce that the r.h.s. is a series in 2 of the form z—#* 2RC2Ez#* = 1 +Hiz+Hy22+. ...

Actually, this sum is finite (i.e. a polynomial in z) because both R and R are nilpotent. We
can also re-write this identity as follows

RO R = z“A(l + Hyz+ HyZ? + ... )z’“A. (4.3)

The Lh.s. is a polynomial in log z, the r.h.s. contains only powers of z. Hence, both sides
should actually be independent of z. The («, 5)-entry of the r.h.s. equals

0% + (Hy)S S a=(M)a+1 (H»)$ e st
which is z-independent iff (Hy)§ = 0 for (u*)o — (u*)s # —k. Set z = 1 in (4.3): we have
C =1+ )", Hy. This shows that C' € C(—p*).
We have just shown that both sides of (4.3) are z-independent and they equal C'. The

Lh.s. of equation (4.3) can also be written as C2CT'RC=R  Thus, C2C7'RC-E = ¢ It
follows that R = C~'RC. U

Definition 4.6. We call monodromy data at z = 0 of the flat F-manifold the datum
(A, i, [R]), where [R] is the adjoint orbit, in the Lie algebra ¢(—pu*), of the exponents of
solutions of (3.2) in Levelt normal form.
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Remark 4.7. The notion of spectrum of a flat F-manifold generalizes the corresponding
notion for Frobenius manifolds given in [Dub99, CDG20]. In the Frobenius manifolds case,
the group C(u) is replaced by its subgroup G(n, u) called (n, u)-parabolic orthogonal group:
this is due to the fact that solutions in Levelt normal form satisfy a further n-orthogonality

*

requirement described in Remark 3.4. Notice that in the Frobenius case we have —u* =
nun~t. See [CDG20, Section 2.1].

4.4. Admissible germs and monodromy data at z = oco. Let (M,V,c,e, E) be an
analytic semisimple homogenous flat F-manifold. Under semisimplicity assumption, the
joint system of differential equations (3.2) is gauge equivalent to the joint system (3.22). By
studying this system, we are going to introduce another set of invariants of pointed germs
of the flat F-manifold.

Semisimple, doubly resonant, and admissible germs. An analytic pointed germ (M, p)
will be called

e (tame/coalescing) semisimple if the base point p is (tame/coalescing) semisimple,
e doubly resonant if p is coalescing and M is conformally resonant,
e admissible if it is semisimple but not doubly resonant.

In this section, we will consider admissible pointed germs (M, p).

Remark 4.8. According to Definition 2.14, the specification “tame/coalescing” depends on
the choice of the Euler vector field. In case M is irreducible, it does not depend on such a
choice. This follows from Theorem 2.17.

Formal solutions. Let (M, p) be an admissible germ. Fix an ordering u, = (ul,...,u?) €

0

)
C" of the operator U(p): T,M — T,M. Consider the 0,-equation of the joint system (3.22)
specialized at u = u,.

Theorem 4.9. There exist unique n X n-matrices (fcik);@l such that the matrix

Xfor <1+Z ) Aeflo A= N1 —diag(dy,...,6,), U, =diag(ul,...,u"),
is a formal solution of the 0,-equation of (3.22), specialized at uw = wu,. Moreover, we have
Al =T(u,)T.

Proof. The matrix X (2) is a solution of the d.-equation of (3.22) if and only if we have
(1= k)Ap_1 + Ay A= [Uy, Ay = V(wo)TApy, k=1, Ag:=1. (4.4)

We can compute recursively the matrices Ay. Let us start with A;.
e For (i,7), with 7 # j, and so that u’ # w/: from (4.4) specialized at k = 1, we deduce

(ufy =) (A1) = Vi = (uf, —u))D(wo)] = (A1) = T(u,)]-
e For (i,7), with i # j, and so that v = u/: from (4.4) specialized at k = 2, we deduce

Oi — ] Z: ]
(A)): = 1_5+5J§vuo )= 1_(”(5]2@6 Ul (1) T (o) = T(u, ).
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In the last equality, we used identity (3.29) specialized at u = w,.
e For the diagonal entries: from (4.4) specialized at k = 2, we deduce

=D V{wo) ()i =D (uf = ug)D(a )i T (w,);.

i i
This completes the computation of Al, and also proves that A” = (uo)T.
Assume now to have computed Ay, Ay, ..., Aj_1. The matrix A, can be computed by

repeating the same procedure Namely, from (4.4), with & = h, one can compute the entries
(Ah) for i # j such that u! # w?. From (4.4), with ¥ = h+1, one can compute the remaining

entries of Ah. O
Theorem 4.10. Let 2 C C™ be a simply connected open neighborhood of w,. If 0 is suffi-

ciently small, then:
(1) For any u € Q) there exist unique n X n-matrices (Ag(w))g=1 such that the matriz

Xior(u, 2) (1 —1—2 Ak (u > A2l (4.5)

is a formal solution of the 0.-equation of (3.22). Moreover, we have A;(u)” =T'(u).
(2) We have Ap(u,) = Ay, for k=1, and X (uo, 2) = X (2).

Proof. Point (1) can be proved following the same computations as for Theorem 4.9. Point
(2) follows by uniqueness. O

Remark 4.11. From the computations above, it is clear that the coefficients A, are holo-
morphic at point u € Q such that u® # u/ for i # j. Below we will prove that the coefficients
Ay are actually holomorphic on the whole €.

The identity Xior(w, 26>™V 1) = Xpor(u, 2)e2™ 1 justifies the following terminology.

Definition 4.12. The matrix A = diag(A — d1,..., A — 9,) is called formal monodromy
matrix.

Admissible directions 7. Let ¢ € M be an arbitrary point, and fix an ordering u(q) :=
(u(q),...,u"(q)) € C" of the eigenvalues of the operator U(q): T,M — T,M. Denote by
Arg(z) €] — m, m| the principal branch of the argument of the complex number z. Set

SL(q) = {Arg (—\/—1(ui(q) —u(q )) +2rk: k €7, i,j are s.t. u'(q) # uj(q)} :
Any element 7 € R\ .%(q) will be called an admissible direction at q.

Remark 4.13. The notion of admissibility only depends on the set {u'(q),...,u"(q)}.

Asymptotic solutions. Though the formal series defining Xy, are typically divergent,
Xior contains asymptotical information about genuine analytic solutions of the 0,-equation
of (3.22).

Let (M, p) be an admissible germ, €2 as in Theorem 4.10, and 7 an admissible direction at
p. Consider a sufficiently small simply connected open neighborhood €2 C M of p such that:

(1) Q C M,,, i.e. any point g € 2 is semisimple,
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(2) a coherent choice of ordering u of eigenvalues of U is fixed on (), so that u: Q — C»
defines a local system of canonical coordinates, with u(p) = wu,,

(3) w(@) C O,
(4) 7 is admissible at any ¢ € Q.
Theorem 4.14. Ifﬁ 1s as above, then the following facts hold.
(1) For any q € Q there exist three fundamental systems of solutions X1, Xo, X3, of the
0.-equation of (3.22) specialized at w = u(q), uniquely determined by the asymptotics
Xi(u, 2) ~ Xeor(u, 2), |2] > 400, 7—B—h)r <argz <7+(h—2)7, h=1,2,3. (4.6)

(2) The functions X; are holomorphic w.r.t. w € u(Q), and the asymptotics (4.6) holds true
uniformly in w.

(3) The functions X;(u, z) are solutions of the joint system of differential equations (3.22).
(4) The solutions X, and Xs satisfy the identity Xs(u, ze>™ 1) = X(u,2)e*™V=A for
Z € @

Proof. Let us temporarily assume that ¢ is tame, ie. u'(q) # u’(q) for i # j. For the
proof of points (1) and (2), see e.g. [BJL79, Was95]. Fix h € {1,2,3}, and set W;(u,z2) :=
0 Xn(w,2) — (2E; — Vi)T Xy(u,2) for i = 1,...,n and h = 1,2,3. A simple computation,
invoking the identities (3.25) shows that W;(u, 2) is a solution of the 0,-equation of (3.22).
Hence, there exist a matrix C'(w) such that W;(u, z) = X, (u, 2)C(u). Denote by F(u, z) =
1+ 27'A;(u) + O(272) the formal power series in (4.5). For |z| — 400 in the sector

Vep = {ze@:T—(3—h)7r<argz<7'—|—(h—2)7r},

the function W;(u, z) has asymptotics
:E‘EZU
~
Wi(u, 2) ~ 0;F(u, 2) 2%V 4 F(u, 2)22" P — 2B, F(u, 2)2e*V + VI F(u, 2)2"e?
= (0iF (u,2) + 2F(u, 2)E; — 2E;F(u,z) + V F(u, 2)) 2"eV.
But we also have W;(u, 2) ~ F(u, 2)2"e*YC(u). As a consequence, we deduce
1
AU C(u)e V2™ = formal power series in —. (4.7)
z

For j # k, the sector V,, contains rays of points z along which Re(z(u/ — u*)) > 0. Hence,
necessarily, we deduce that the (j, k)-entry of C'(u) vanishes, otherwise we would have a
divergence on the Lh.s. of (4.7). So the matrix C(u) is diagonal, and

C(U) — erzUc( ) —zU —A
= F(u,2)"" (8;F(u,z) + 2F(u, 2)E; — zE;F (u,z) + V;' F(u, 2))
= 2(E;— E)+ (A E; — E;A + VD) +O<1) O( )

z

where we used the identity V;" = [E;,'T| = [E;, A;]. Hence C(u) = 0. This proves point (3)
in the case ¢ is tame.
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The coefficients Ay of Theorem 4.10 are holomorphic at w such that u® # u/. Moreover,
from the computations above, we deduce that

[Api1, Bi] = [Ay, B3| Ak — 0iAk, k> 1. (4.8)
This formula recursively determines the off-diagonal matrix A} ; in terms of A;,..., A;. On
the other hand, the diagonal entries of A 1 can be computed as in Theorem 4.10, so that
(k+ 1)(Apr)i = Y Vi (Apn)f =) (' — u)Tj( A )L (4.9)
L#i 0#i

Since A = T'T is holomorphic also at coalescing points u, an inductive argument shows that
all the matrices Ay are holomorphic at coalescing point, by using formulae (4.8) and (4.9).
See also [CDG19, Prop. 19.3|. The system (3.22) is a completely integrable Pfaffian system

with holomorphic coefficients on w(2): the solutions X;(z,u) can be u-analytically continued
as single-valued holomorphic functions on u(ﬁ), see [CDG19, Cor. 19.1]. The assumptions
of [CDG19, Th. 14.1] are thus satisfied, and (1),(2),(3) hold true also at coalescing points.

Finally, notice that the two functions X;(u,2)e*™ =™ and Xs(u, ze?"V~1) have the same
asymptotics on the sector 7 — 21 < argz < 7 — 7. By uniqueness, it follows point (4). O

Remark 4.15. For any h = 1,2, 3, the precise meaning of the uniform asymptotic relation
(4.6) is the following: for any compact K C (), for any ¢ € N, and for any unbounded
closed subsector V of V., := {z eCrir— B—h)r<argz <7+ (h— 2)7r}, there exists a
constant C), x5 € R such that
Chxy
=)<

Xn(u,z)e™* (1—|— Z

Stokes and central connection matrices. Let (M, p) be an admissible germ, and 7 an
admissible direction at p. Let Z(¢, 2) be a solution in Levelt form of the joint system (3.2),
and Xp(u,z), with h = 1,23, be the solutions of the joint system (3.22) as in Theorem
4.14. Let t, = t(p) and u, = u(p) the values of the flat and canonical coordinates at p,
respectively.

zeV\{0} = sup
u€K

We define the Stokes matrices gl, Sy at p to be the matrices defined by
Xo(to, 2) = X1 (0, 2)S1,  X3(to, 2) = Xo(to, 2) 5. (4.10)
We define the central connection matriz C' at p to be the matrix defined by
Xo(u,, 2) = (¥(u,) T - 2(t,, 2) - C. (4.11)
Proposition 4.16. We have
(1) the matrices gl, 32, C are invertible, with det S, = det Sy = 1,

(2) (S1)is = (S2)a = 1,
(3) if i # j, then (S71);; =0 sze( VLT (4 —uZ,)) > 0,
(4)

4) ifi # 7, then(S) —Osze<rT(u —uj))>0,
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(5) we have
§;1€2WJT1A§2—1 _ é—le—QﬂﬁuAQQﬂﬁRé‘ (4'12)

Proof. The proof of points (1)-(4) is standard, see [Was95|. For point (5) follows from point
(4) of Theorem 4.14. O

Proposition 4.17 ([CDG19, CG18|). If p is a coalescing point, define the partition {1,... ,n}
= 1o, Ir such that for any r € J we have {i,7} C I. if and only if ! = ul. We then
have the further vanishing condition

(Sl)ij = (Sl)ji = (SQ)ij = (Sg)ji = 0 Zfl,] € Ir fO’f’ somer & J |:|

For a D-modules theoretical proof of Proposition 4.17 see the recent preprint [Sab21].

Definition 4.18. We call monodromy data at z = oo of the admissible germ (M,p) the
4-tuple of matrices (57,52, A, C).
Remark 4.19. In the case of Frobenius manifolds, with the standard choice A = <, we have
A =0 and 51 1 = SZT . This follow from the (anti-)self-adjointness properties of L{ and .

For detailed proofs see [CDG20, Th.2.42]. In the notations of loc. cit. we have Sy =S and

Sy =971 Moreover, the Stokes matrices are uniquely determined by the metric, the central
connection matrix, and the monodromy data at z = 0:

S = Cvf16771'\/771Refﬂ\/fil,unf1(C«71>T7 S = ST — Cfleﬂ\/leeﬂ\/jlunfl(Cfl)T. (413>
This is a direct consequence of the symmetries of the joint system (3.2), see Remark 3.4.

In the next paragraphs we show that the monodromy data at z = oo define local invariants
of the germ, i.e. that they are locally constant w.r.t. small perturbations of both the point p
and the admissible direction 7.

Isomonodromicity Property. Let Q be an open neighborhood of p as above. By
Theorems 4.3 and 4.14, if we let vary the point ¢ in S~2, we have well defined solutions
=E(t(q), 2), Xi(u(q), z), i = 1,2, 3, of the joint systems (3.2) and (3.22) respectively. We can
thus introduce the Stokes and central connections matrices (S, Sz, C') as functions of ¢ € Q
by the formulae

Xo(u(q),2) = Xi(u(g),2)Si(ulq)), (4.14)
X3(u(q),z) = Xo(u(q),z)S2(u(q)), (4.15)
Xo(u(q),z) = (T(u(q)™)"-E(t(q), ) Clulq)). (4.16)
Theorem 4.20. The functwns St, SQ, C are constant on Q. In particular, we have Si(q) =
S1,55(q) = S5, C(q) = C, for all g € Q.
Proof. Let us prove the statement for S;. We have
9;Si(u) = 9 [Xi(u(g), )" Xa(ul(q), 2)]

:

= —Xi(u(q),z)™" - 9 X1(u(q), 2) - Xi(u(q), 2) " - Xa(u(q), 2)
+X1(u(q), 2) 10 X (u(q), 2)

= —Xi(u(q),2)"" (zE; = V)" - Xa(u(q), 2)
+X:1(u(g), 2) " (2B = V)T Xa(u(q), 2) = 0.
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The proof for Sy, C' is similar. U

Small perturbations of the admissible direction. Let (M, p) be an admissible germ,
and 7 be an admissible direction at p.

Theorem 4.21. If 7" € R is such that |7 — 7'| < infyec o [T — ¢, then 7' is admissible at
p. Moreover, the monodromy data at p computed w.r.t. 7 and 7" are equal.

Proof. The first claim is straightforward. Let us prove the second claim. There exist funda-
mental systems of solutions X;(u(p),z) and X/(u(p), z), for i = 1,2, 3, such that

Xh(U(p),Z> ~ Xfor(u(p),z), ‘Z| — +OO, KA VTJH h = ]-7 2)37
Xé(U(p),Z) ~ Xf0r<u(p)7 2)7 ’Z‘ — +OO? S VT’,ha h = 17273a

by Theorem 4.14, see also Remark 4.15. We prove that X, = X for all h = 1,2, 3.
Let K}, be the connection matrix s.t. X; = X}, Kj,. We have

AV Kpe VA o1, |z] = 400, z€V NV
By taking the (j, k)-entry, for any ¢ € N we have
(Kh%kez(uj(p)*uk(l’))Zrkaéj _ 5jk +0 (|Z’7£) : |Z’ — 400, z€ Vr,h n VT/,h-

Assume j # k. If u/(p) = u¥(p), then necessarily (K3);x = 0. If u/(p) # u*(p), notice that in
Vyn NV, there are rays along which Re(z(u/(p) — u*(p))) is negative, and also rays along
which it is positive. So, we necessarily have (K});, = 0. This proves that K, is diagonal. It
follows that K, =1 for h =1, 2, 3. 0

4.5. Monodromy data for a formal admissible germ. In Sections 4.2, 4.3, 4.4, the flat
F-manifold structure on M is assumed to be analytic. The notion of admissible germs and
of their monodromy data can however extended to the formal case.

Let (H, ®) be a semisimple formal F-manifold over C, with Euler field E. Associated with
it we have two joint systems of differential equations (3.2) and (3.22) whose coefficients are
matrix-valued formal power series in the coordinates ¢ and u, respectively.

We will say that (H, ®) is

e doubly resonant, if the origin is coalescing and the formal flat F-manifold is confor-
mally resonant,
e admissible if it is semisimple but not doubly resonant.

The 0,-equations of the joint systems (3.2) and (3.22) can be specialized at t = 0 and u = u,,
respectively. For these specialized systems of equations we can introduce a triple (), u*, [R])
of monodromy data at z = 0, and a 4-tuple (SDH, §2,A, C) of monodromy data at z = oo,
exactly as in the case of an analytic germ (M, p).

The system (\, u*, [R], 5’1, 50’2, A, C) will be referred to as the monodromy data of the formal
structure (H,®). A priori, Theorem 4.20 cannot be adapted to this formal picture, but
Theorem 4.21 still holds true, and its proof works verbatim.

In Section 6.4, we will prove that an admissible formal germ is actually convergent: it
defines an analytic flat F-manifold, so that all the results of Sections 4.2, 4.3, 4.4 apply.
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5. NORMALIZATIONS, AND ANALYTIC CONTINUATION

5.1. Choices of normalizations. The monodromy data of an admissible germ (M, p) are
defined up to several non-canonical choices:

(1) the choice of A € C,

(2) the choice of a base point in the universal cover C* )

(3) the choice of the solution = in Levelt normal form,

(4) the choice of Lamé coefficients (Hy, ..., H,),

(5) the choice of ordering of canonical coordinates (u!(p),...,u"(p)),
(6) the choice of an admissible direction 7 € R\ .(p).

Different choices of normalizations affect the numerical values of the monodromy data. These
transformations of the data can be described by actions of corresponding suitable groups:
(1) the group C,
(2) the deck transformation group Deck((C*) =7,
(3) the group C(—u*),
(4) the torus (C*)”,
(5) the symmetric group &,,
(6) the braid group B,.

We first describe actions (1)-(5), and postpone the description of action (6) in the next
sections.

e Action of C: the transformation A — )\ implies the following transformations of the
monodromy data by translations

s N =+ (A=), A= A— (A= )1

For irreducible flat F-manifolds, the choice of A is equivalent to the choice of an Euler vector
field, see Theorem 2.17.

e Action of Deck(@) = 7 a different choice of the base point in C* is equivalent to the
choice of a different determination of the logarithm (i.e. of the argument arg z). In particular,
by changing log z — log z 4+ 2mk+/—1 with k& € Z, we have the transformations

—2mk~y/—1A 2wk —1A —2wky/—1A 2wky/—1A
Slr—>e 4 Sle” SQP—>€ g SQGW s

9

C— Mo’k C’e%kﬁ/\, My = e’QWH“Ae2WHR, ke Z.

e Action of C(—p*): for A € C(—u*), the change of solutions = — ZA implies the transfor-
mation of the central connection matrix

C— AT'C.
e Action of (C*)": for (hy,...,h,) € (C*)", consider the transformation (Hi,...,H,) —
(Hqhq,...,Hyh,). The monodromy data transform as follows

Sy hSih~Y, Sy hSoh™l, O ChY

where h := diag(hi, ..., hy).
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e Action of &, for o € &, consider the permutation of canonical coordinates (u', ..., u") —
(u”®, ..., u®™). The monodromy data transform as follows

Sy — PSiP7', Sy — PS,P7', C—CP™', A— PAP!,
where P = (-Pi')i,ja R = (50(2‘)]'.

5.2. Triangular and lexicographical orders. If an admissible direction 7 at p is fixed,
we will say that the canonical coordinates (u’(p))’, at p are in triangular order w.r.t. the
admissible direction T if the Stokes matrix Sy is upper triangular, and Ss is lower triangular.

On the one hand, in general, triangular orders at p are not unique. This happens for
example if p is a semisimple coalescing point. In such a case, we have (S;);; = (S1);; = 0 if
u; = u; with i # j, by Proposition 4.17. If S; is upper triangular, then so is PS;P~! for P
corresponding to the transposition ¢ <+ 7. Similarly, the lower triangular structure of S, is
preserved.

On the other hand, we always have a distinguished triangular order, called lexicographical
w.r.t. 7. Introduce the following rays in the complex plane

L ={uw/(p)+pe¥ G peRy}, j=1,...,n

The ray L; originates from the point u/(p), and it is oriented from u’(p) to co.

The canonical coordinates (u'(p), ..., u"(p)) are in lexicographical order if L; is to the left
of Ly (w.r.t. the orientation above), for any 1 < j < k < n.

The lexicographical order is the unique triangular order at p if the number of nonzero
entries of Sy or Sy is maximal, i.e. @

5.3. Braid group action on matrices. Denote by U, and L, the groups of unipotent
upper and lower triangular n X n-matrices, and by t the Lie algebra of diagonal n x n-
matrices.

The (abstract) Artin braid group B, with n-strings is the group with n — 1 generators
B, ..., Bn_1 satisfying the relations

BiB; = BiBi, ifli—jl>1, BiBiv1Bi = Bit1BiBit1- (5.1)
Given g = (g1, g2, g3) € Uy X L, X t, define 3(n — 1) block-diagonal matrices B\ (g), BS"(g),
B?(f)(g), withi=1,...,n — 1, as follows:
i i1 1
BY(g) =1, & [ (91)1, i 0 } &1y,

0 1

(4) 1.
Bylg) =1 @ { 1 (g2)is

] B, (5.2)
i B (g1)iit1 1
B:E) )(g) = 1i—1 ©® [ (gi) At 0 :| ¥ 1n—i—17

where
Bo= 2™V 1l(98)iv1—(93)s]
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For any f3; € By, define the triple g% € U, x L,, x t by

g = (B9 9B (9), BY(9) 0B (g), PigsPi). (5.3)
where P; is the permutation matrix ¢ <> ¢ + 1.

Lemma 5.1. The braid group B, acts on U, x L, x t by mapping (B;,g) + g° fori =
,...,n—1.

Proof. By a direct computation, one checks that ¢° = id for any relator 3 in (5.1). U
Example. Let n = 3, and
1 a b 1 00 d 0 0
g= 01 c ], al0],| 0 d O
0 01 g v 1 0 0 ds
We have
1 « c 1 0 0 d, 0 0
g’ = 01 b—ac |, ae?V—1(d2—di)r 1 01,1 0 d O ,
0 0 1 aﬁezr(d? —di)m ﬁ 1 0 0 dj
1 b a+by 1 0 0 d 0 0
g =01 ~ | By 1 0,1 0 ds 0
00 1 a  ceVTHdmdm 0 0 do
It B = (5162)37 the trlple gﬁ = (gimgé?gé) equals
1 aeQﬁ(dg—dﬂW b€2ﬁ(d3_d1)w
gi = 0 1 C@Zﬁ(dg_dz)ﬂ' 7277\/793 g 6271'\/7‘(]3
0 0 1
1 0 0
gé — 62\/?1(d1_d2)7r04 1 0 _ 727r\/793‘g 627r\/7g3
62\/j1(d1 7d3)7l’/8 62F(d2 ) ’Y 1
d 0 0
95 = 0 dy 0 = g3-
0 0 ds

5.4. Braid mutations of monodromy data. Let M an analytic homogeneous semisimple
flat F-manifold, and denote by M’ the open set of tame semisimple points p € M, i.e. at
which the spectrum of the operator U(p): T, M — T,M is simple.

Consider the following two different settings:

(I) Assume g: [0,1] — M’ to be a continuous path such that ¢([0, 1]) is contained in a
simply connected open set, on which a coherent choice of normalizations (1)-(5) can
be done. Assume also that

e 7 is admissible at both ¢(0) and ¢(1),
e there exists ¢ € [0, 1] such that 7 is not admissible at g(t).
(IT) Assume p € M’ is a semisimple point, and fix some choice of normalizations (1)-(5).
Let 79,71 € R\ .#(p), and 7: [0,1] — M to be a continuous map such that
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e 7(0) =1 and 7(1) = 7,

e there exists ¢ € [0, 1] such that 7(¢) is not admissible at p.
In both cases (I) and (II), for each ¢ € {0,1}, we can introduce a set M; of monodromy
data.

Problem: In both settings (I) and (II), how to describe the transformation Mg +— M;?

The matrices p*, R will not depend on ¢, due to the results of Section 4.3. Hence, we need
to describe how the matrices (S, Sz, C, A) will transform. In this section, we prove that this
is described by an action of the braid group, which on the triple (S, Sa, A) reduces to (5.3).

Remark 5.2. Pictures (I) and (II) are “dual” to each other. In (I), we have a fixed 7 € R
and a variable set .7 (g(t)) of non-admissible directions such that 7 € .#(¢(0)) N .7 (g(1)).

In (II), we have a fixed set .#(p) C R of non-admissible directions and a continuous map
7:[0,1] — R with 7(0),7(1) € R\ #(p). In both cases, we have to face a wall-crossing
phenomenon: the fixed (resp. variable) point 7 is not admissible for some values of the time
parameter.

Given u € C" introduce a family of Stokes rays in the universal cover C*: for any pair
(i,7) such that u’ # v’ set
3 . . —
() = g — Arg(u' — o), Rgl‘?)(u) ={z € C*: argz = 7;(u) + 27k}, keZ.

ij
Also, for any 7 € R introduce the admissible ray
(. ={z € C*: argz = T}

Both Stokes and admissible rays are equipped with the natural orientation, from 0 to oc.
Any continuous transformations of w and 7 induce continuous rotations of the Stokes and
admissible rays. In the case of settings (I) and (II), the oriented ray crosses some of the
Stokes rays during the transformation. We will call elementary any such transformation of

rays, along which ¢, crosses one Stokes ray Rg?) only.

Let us focus on the picture (I). Fix u, € C" \ A with components in 7-lexicographical

order. Consider a continuous map b;: [0,1] — (C"\ A), with ¢ =1,...,n — 1, such that:

(1) 6:(0) = -
(2) bs(t)" = b;(0)" for all h #i,i+ 1,
(3) b;(t)" counter-clockwise rotates w.r.t. b;(t)"*! in the plane C,

(4) bi(0)" = bi(1)™" and b;(1)" = b;(0)"*".
The map b; can be seen as a loop on Conf,,(C) := (C"\ A)/&,, the configuration space of n
pairwise distinct points in C. The space Conf,(C) is aspherical (i.e. m;(Conf, (C)) = 0 for
k > 2), and its fundamental group is isomorphic to the braid group B, see [KT08|. Consider
the homotopy classes [b;] in m;(Conf(C"), {u*(0)}) = B,. It is easily seen that

[b:]  [b5] = [b5] = [bs], e =31 > 1, [ba] % [bia] * [bi] = [bia] * [i]  [biga],
where * denotes the concatenation of loops. We identify [b;] with the elementary braid ;.

In the case of picture (II), any of the maps b;’s can be seen as a map with target M,
by working in a local chart with canonical coordinates in 7-lexicographical order. It is an
elementary transformation: one of the Stokes rays Rflzlrl clockwise crosses the ray ¢,.
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In summary, elementary transformations of type (I) can be identified with elements of B,,.
Dually, by exchanging orientations (counter-clockwise <+ clockwise), we can identify /3; with

the type (II) transformation defined by a counter-clockwise rotation of ¢, across one of the
Stokes rays Rl(li)ﬂ

Let (S1,S2,A,C) be the 4-tuple of Stokes, formal monodromy, and central connection
matrices computed

e w.r.t. the point ¢(0), in case (I);
e w.r.t. the line 7(0), in case (II);

In both cases (I) and (II), the monodromy data are always computed w.r.t. the lexicograph-
ical order of canonical coordinates, so that (51,52, A) € U, X L, X t.

Theorem 5.3. Along the elementary transformation [3;, withi = 1,...,n—1, the monodromy
data transform as follows:

(Sl,SQ,A) —> (51’5’2’A)/Bi’ CHCBil,
where

i 0 1
B = B§)<817827A) = 1i—1 % [ 1 (52)4_1' :| S¥ ]-n—i—l'

Cf. equations (5.2) and (5.3).

Proof. Whatever is the case under consideration, (I) or (II), let us consider the initial “frozen”
configuration of Stokes and admissible rays, Rgb) and /..
Label the Stokes rays as follows: let R be the first Stokes ray on the left of ¢,, R(®) the

first Stokes ray on the right of £, and extend the numeration R*®, with k € Z, so that the
label k increases in counter-clockwise order.

Let m be the number of Stokes rays in any sector of C* defined by
(2j — ) < |argz — 7| < 27y, j € L.
The number m also equals the number of Stokes rays in the sectors
2rj < |argz — 7| < (25 + 1), J € Z.

n(n—1)

5—, but some Stokes rays may

For generic initial points u, € C" \ A, we have m =
coincide?.

Define TI®), with k € Z, to be the sector in C* from the ray R*~V to the ray R™*%). For
each k € Z, there exists a unique solution X *)(u,, ) of the d,-equation of (3.22), specialized

at u = u,, such that
XB (wy, 2) ~ Xeor (U, 2), 2] = 400, zel®,
Introduce invertible matrices K, called Stokes factors, such that

XE D (y,, 2) = X (u,, 2) K, k€L

4This happens for example if there are three indices (i, j, k) such that u, uJ, u* € C are collinear, or there

. . o) Yoy Uy
are four indices (i, j, k,1) such that u?,u} and u*, u! define two parallel lines.
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The matrices K}, have the following structure: all diagonal entries are 1, and the entry (K% )qp

is non-zero only if R(™*%) is one of the rays Ri};) with h € Z, see [BJLT9|.
Recall that the Stokes matrices S, 53 are defined in terms of solutions X, X5, X3, see
equation (4.10). We have

Xi(to,2) = XT™ (u,,2),  Xo(to,2) = XV(u,, 2), X, 2) = X3 (u,, 2).
Hence, we deduce
Xo(to,2) = XO(wg, 2) Ko = XY (wp, 2) K Ko = - = X (uy 2) Ky, ... K_1 K.
W
From equation (4.10), we deduce
S1=Kim... K1 Ko.
Analogously, we have
Sy =Ky...Kp,.
Up to now we have considered a “static” picture, at the initial time ¢ = 0 of the transformation

B;. By letting the time parameter t vary, the Stokes rays and/or the ray ¢, rotate. In
particular, immediately before the collision of Stokes and oriented rays, we have Rf%l =

RW for a suitable h € Z. After the collision we have RE}ZFl = R©. Hence, after the

transformation (3;, we have the following transformation of Stokes matrices
S, = Si=K_ .. KK =K S K,
Sy = Sh=Ky.. . KpKpir = Kt So Kigpm.
Similarly, the central connection matrix transforms as follows
Cr— C' =CK;!
The only non-zero off-diagonal entries of Ky, K1_,,, K1, are
(Ki—m)iir1 = (S1)iit1, (K1)ir1i = (52)ig1,

(Ki4m)iiv1 = [G_QW\/leSIGZW\/?lA]i,H—l-

The last identity follows from point (4) of Theorem 4.14. Finally, we also need to recover the
lexicographical order, which is lost after the transformation ;. By applying the permutation
1 <> 1+ 1, we complete the proof. O

Remark 5.4. Theorem 5.3 generalizes the braid group action in Dubrovin’s analytic theory
of Frobenius manifolds, see [Dub99, Th. 4.8|. The action of the braid group on U, x L,, X t
is just the simplest case of a more general picture described in [Boa0Ol, Boa02|. The starting
point is the observation that the “monodromy manifold”® U, x L, x t is isomorphic to the
dual Poisson-Lie group G* of G = GL(n,C). In [Boa02, Section 2| P. Boalch generalized the
notion of Stokes multipliers and isomonodromic deformations for general connected complex
reductive groups G. It was also proved that G* can be identified with the space of mero-
morphic connections on principal G-bundles over the disc. In such a case one has an action

°Tn [Boa01, Boa02|, meromorphic connections on a closed disk D C C, with an irregular singularity only,
are studied. We have a connections on C* with two singularities, and we need a further piece of information
for a global description of the monodromy: the central connection matrix.
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of m1(teg) o0 G*, where t,, is the regular subset of a Cartan subalgebra t C g. This induces
an action on G* of the full braid group 7 (t.eg/W), with W the Weyl group. Such an action
coincides with the De Concini-Kac-Procesi action of 7 (t,e /W) on G*, obtained in [DKP92]
as classical limit of the quantum Weyl group action on the corresponding quantum group,
due to Lusztig [Lus90], Kirillov and Reshetikhin [KR90], Soibelman [S0i90].

Action of the center Z(B,). Consider the shift of the admissible direction 7 — 7 + 27.
We have the following facts:

(1) In the generic case (i.e. for canonical coordinates in general position), the number
of Stokes rays in any sector of C* of width 27 equals n(n — 1). An elementary braid
acts whenever the line £, crosses a Stokes ray. So, in total, we expect that a complete
rotation of ¢, correspond to the product of n(n — 1) elementary braids.

(2) The effect of the shift 7 — 7 4 27 on the monodromy data can be identified with
a transformation of different nature, namely a different choice of normalization (2).
This consists in a different choice of the branch of the logarithm. From this it follows
that the braid corresponding to 7 +— 7 + 27 must commute with any other braids.

From point (2), we deduce that the braid corresponding to 7 — 7 + 27 is an element of the
center

Z(B,) = 7 = Deck(C*).
The center Z(B,,) is the cyclic group generated by the braid g = (8 ... ,-1)". From point
(1), and the action of Deck(C*), we deduce the following result.

Proposition 5.5. The braid corresponding to the shift T — 742w of the admissible direction
is the generator (3 of the center Z(B,,). It acts as follows:

(S1, S5, A)ﬂ — (e—27r\ﬁA51627r\/?1A7 €—2wﬁAS2e27rﬁA7 A)

C — My'Ce*™V=1h, O
This proposition extends a computation (for n = 3) of the Example of Section 5.3.

Corollary 5.6. The generator 5 = (51 ...05,-1)" of the center Z(B,) acts on U, x L, x t
as follows:

g’ = (e—zwm% 2V=lgs o2V g 2TV T 93>. (5.4)

gi¢€
Proof. Let g’ be the r.h.s.of (5.4). A simple computation shows that B](Ai)(g)e%‘ﬂg3 =
B]@(g’) fori=1,...,n—1and j = 1,2, 3. Thus, if there exists 3 € B, such that g° = ¢’
then 3 € Z(B,), ie. B = ¥ for some k € Z. We have k = 1, by Proposition 5.5. O

5.5. Analytic continuation of the flat F-structure. There is a more global point of
view from which one can reinterpret the results of the previous sections. It both makes
transparent the appearance of a braid group action on the monodromy data, and clarifies
the “duality” of settings (I) and (II) of the previous section. Moreover, it also describes the
analytic continuation of the flat F-manifold structure.

Admissibility sets A,, A9, AZ ;l; Consider the configuration space Conf, (C) := (C"\
A)/G&,, of n points in the plane, together with the following covering space:
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e the ordered &,-covering Conf?(C) := C"\ A,
e the covering Conf?(C) associated to the center Z(m; (Conf,(C))) = Z

e and the universal cover Conf, (C).

Y

The fundamental group 71 (Conf?(C)) is isomorphic to the group P, of pure braids. Notice
that Z(B,,) = Z(P,) = Z. The coverings spaces above fit into the chain

Conf, (C) — ConfZ(C) — Cont?(C) — Cont,(C).

The fundamental group of the space ConfZ(C) is isomorphic to B,/Z(B,) = M, (R?), the
mapping class group of the n-punctured plane, see |Bir74].

—

Remark 5.7. The space Conf, (C) has been described for the first time by S.Kaliman
[Kal75, Kal77, Kal93]: in loc. cit. it is proved that it is isomorphic to C? x T(0,n+ 1), where
7 (0,n+ 1) denotes the Teichmiiller space of the Riemann sphere with n+ 1 punctures. The
space 7(0,n + 1) is homeomorphic to R?"~4, and it is biholomorphic to a holomorphically
convex Bergmann domain in C"2. For further details see the interesting paper [Lin04].

Given p = {p1,...,pn} € Conf,(C), define the set .#(p) C R by
S (p) = {Arg[—V—1(pi — pj)] + 2kn: ke Z}, Arg(z)€]—m,7].

Any number 7 € R\ #(p) is said to be an admissible direction at p.

Introduce the smooth (2n + 1)-dimensional real manifolds
X, := Conf,(C)xR, X0 :=Conf,(C)xR, &% :=Conf?(C)xR, X, := Conf,(C)xR,
Define the admissibility open subset A,, C X, by

A, ={(p,7)eX,: TeR\ L (p)}.

Analogously, define the open /sllbsets A9 C X9 AZ C X7 and ;l; - /'/\f; as the pre-images

of A, along the projections X, — X% — X9 — X,. We have the following commutative
diagram

Ay AZ A9 .
{ [ [ [
X, X7 X0 . X, R
N | | |
Conf,(C) — Conf?(C) — Conf?(C) —— Conf,(C)

Homotopy groups of A,, A9, A% A,,. Consider the subspace Al of admissibility set A4,
defined by
A = {(p,0) € X,: 0 is admissible at p}.

Lemma 5.8. The subspace A., is a strong deformation retract of A,.

Proof. Let (p,7) € A,. If p={p1,...,pn}, denote by p® := %Z?:M’j the barycenter of the
configuration. Let F': [0,1] x A, — A, be defined by a rotation w.r.t. the barycenter

F(t,p,7) = ({eﬁ”(pj—pb)—i-pb: j= 1,...,n}, 7'(1—75)).
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For all (p,7) € A,, (a,0) € A, and t € [0, 1], we have F(0,p,7) = (p,7), F(1,p,7) € A,
and F(t,a,0) = (a,0). O

Lemma 5.9. The space A], is contractible.

Proof. We show that the point ({1,...,n},0) is a strong deformation retract of A/,. Given
(p,0) € A, with p = {p1,...,pn}, without loss of generality we may assume that the p,’s
are labelled in 0O-lexicographical order. Consider the continuous map F': [0,1] x A, — A
defined by

1
(L~ 20)p, + 2Re(p)): j= 1.}, 0), 0<t<?,
F(t,p) =
<t <1

DN | —

({2tRe(p))+ (2t —1)j: j=1,...,n}, 0),

The map F' defines a strong deformation retraction of A/, onto ({1,...,n},0). O
Theorem 5.10. We have
mi(Ay) =0, i=0,1,2,...,
10(A9) =6, mm(A9) =0, i=1,23,...,
mo(A7) = Z, m(A7) =0, i=123,...,
mo(A) = Bn, m(A) =0, i=1,2,3,...,

where the homotopy groups are based at an arbitrary point.

Proof. All homotopy groups of A, vanish, since A, is contractible by Lemmata 5.8, 5.9.
Since A, is simply connected, we have the homeomorphisms A9 = A, x &,,, AZ =2 A, x Z,

and ;l; ~ A, x B,. Here &,,, Z, and B,, are equipped with the discrete topology. The claim
follows. O

Relative homotopy groups. Given a triple (A, B, ¢) of pointed topological spaces, with
c € B C A, the relative homotopy group mx(A, B,c), with k& > 1, is the set® of homotopy
classes of continuous maps f: (D* S*1 sy) — (A, B, c). In particular, the set m (A, B, ¢c) is
the set of homotopy classes of paths f: [0,1] — A such that f(0) € B, f(1) = c.

Fix a point x € A, and three points z° € AY, x* € AZ & € ;l; over it.
Theorem 5.11. We have
T (X A, @) =2y (X0, AQ, 2°) 2 1y (X7, AL ) = 7y (K, A, &) 2 By,

Wk(‘XnvAnvw) = Wk(XnO?Agawo) = Wk(XnZ,Ag,:BZ) = Wk(‘j(;a;l;ai) =0, k=2

Proof. With the morphisms of triples of topological spaces

(X, A, &) — (X7, A7 27) = (X9, A% 2°) = (X,, A, @), (5.5)

6The group structure is well defined only for k > 2.
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we can associate the following commutative diagram of relative homotopy groups

—_

o (A, B) —— T (X, &) —— 1 (X, A, &) — o (An, &) — 0 (X, &)
aq

x?) — mo(XZ, x?)

o m(AT @) — m (X7 27) — m (X7, AT ) — mo(AT n

n mn

a2

o= (A9, 2°) — T (X9, 2°) — 1 (X9, A9 x°) — 7o (A9

mn

x°) — 7T0(Xno, x°)

(%]

(A ) — (X, ) —— T (X, Ap, @) — (A, @) — 7o ( X, @)

The raws are the long exact relative homotopy sequences for each triples, and columns are
the maps induced by (5.5). The maps a1, as, a3 are bijections: this follows from the unique
lifting property of paths for coverings. The claim then follows from Theorem 5.10. U

Monodromy data as functions on A%;. Let M be a flat F-manifold with Euler field F,
and denote by M’ the set of points p € M at which the spectrum spec(FEo,) is simple. We
have the local biholomorphism

v: M’ — Conf,(C), p+> spec(Eo,). (5.6)
Consider the pulled-back fiber bundles on M’
Xy =0 &, X9 =0 XY, XL .=uvAZ Xas o= VX,
together with their open subsets
A= (0 Ay, AG = (0)TTAD, AT = ()AL, Ay = (07) A,
Given p, € M’, the monodromy data of (M’ p,) are well-defined after fixing the choice of

normalizations (1)-(6) of Section 5.1.

The choice of (5) only, i.e. an ordering of canonical coordinates at p,, is equivalent to the
choice of a point of X} over p,.

The choice of (6) only, i.e. an admissible direction at p,, is equivalent to the choice of a
point of Ay, over p,.
The choice of both (5) and (6) is equivalent to the choice of a point of AY, over p,.

If choices of (1),(2),(3),(4) are fixed, however, the 4-tuple (51, 52, A, C) is not well-defined
as a single-valued function on A$;. Indeed, if (p,, u,, 7) is a fixed point of A§;, for any k € Z
there exist paths y;: [0,1] — A$; such that v(0) = (po, Uo, 7) and V(1) = (po, Ue, T + 27k).
Namely 7 are lifts of loops in the center Z(m;(Conf?(C))).

Thus, the joint choice of (2),(5),(6) is equivalent to the choice of a point of A%, over p,.

Theorems 4.20 and 4.21 can be reformulated as follows.

Theorem 5.12. Fiz a choice of normalizations (1),(3),(4), and a point in A%,. The mon-
odromy data (Si,S2, A, C) are locally constant functions on A%,. d
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In total we have card my(.A%,) possible values of the monodromy data at z = oo. Different
values at different connected components of A%,, are labelled by paths in 7 (X, A%,). The
map (5.6) induces a morphism in homotopy

v, (X, AZ) — Wl(Xf,Af) ~ B,.

The paths of settings (I) and (II) of Section 5.4 are representatives of homotopy classes in
T (X9, AQ) = m (X, AZ,). More precisely, consider the double fibrations

AS
LN\
Xiy
% N
M’ R

Paths of setting (I) represent classes in m(p; ' (7),py (7)) for fixed 7 € R.

Paths of setting (II) represent classes in 7, (p; " (p), p; *(p)) for fixed p € M’.

Thus the “duality” mentioned in Section 5.4 reflects the underlying double fibrations above.
In both cases (I) and (II), we have induced paths in 7 (X}, AS,).

Following the terminology of [CDG20], given 7 € R we call T-chamber of M any connected
component of the open set p;(p; ' (7)).

Analytic continuation. Let (M, p,) be the germ of a semisimple analytic flat F-manifold
with Euler vector field. Assume that p, is tame semisimple. The whole flat F-structure
can be analytically continued. The picture described in this section gives an insight on this
continuation procedure.

By shrinking M, we can assume that the germ is defined on a simply connected set,
sufficiently small so that (5.6) is an embedding. We can thus identify M’ with v(M') C
Conf,(C). By fixing a point u, € Cm(C) over v(p,), we have an open embedding of
(M, po) = (v(M'),v(p,)) C (Cm(C), U,). In this way, one finds a maximal tame analytic
continuation of the initial germ. Notice that the coefficients of th/eHnt system of differential

equations (3.22) continue to meromorphic functions of u € Conf,(C): this is the Painlevé
property of the solution V*(u) of the isomonodromic differential equations (3.25). By fix-
ing choices of normalizations (1),(3),(4), the monodromy data (S, S2, A, C) of the system
(3.22) can be seen as locally constant functions on the space A,. This space has countably
many connected components in bijection with the braid group B,. All possible values of
(S1, 52, A, C) are given by the action of the braid group B,, of Theorem 5.3.

6. RIEMANN-HILBERT-BIRKHOFF INVERSE PROBLEM FOR SEMISIMPLE FLAT
F-MANIFOLDS

6.1. RHB problem P[u, 7,9 and the Malgrange-Sabbah Theorem.
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I' o

FIGURE 1. Contour I', paths 'y, I'1, 'y, domains Ily, I1;, I1z, and =4 sides of T'.

Admissible data. Denote by Arg(z) €] — m, 7| the principal branch of the argument of the
complex number z. Let u € C", and set

S (u) == {Arg (—\/—1(@ — J) +2rk: k €7Z, i,j are s.t. u' # uj} )
Any element 7 € R \ . (u) will be said to be admissible at u.

Definition 6.1. Let u € C" and 7 admissible at u. A (u, 7)-admissible datum is a 6-tuple
M= (B, D, L,S;,5,C) of matrices in M, (C) such that:
(1) the matrix B is diagonal, i.e. B = B/,
(2) D is a diagonal matrix of integers,
(3) we have
trB=trD +trL. (6.1)
(4) the matrices S, Sa, C' are invertible, with det S; = det Sy = 1,
(5) (S1)ii = (S2)ui = 1,
(6) if i # j, then (S71);; = 0 if Re (e‘/jl(T_”) (u — uj)) >0,
(7) if i # j, then (Ss);; = 0 if Re (eﬁT(ui — uj)) > 0,
(8)

we have
SplerVIIBS T = ol (6.2)

If u € A, define the partition {1,...,n} =[], ., I, such that for any r € J we have {7, j} C I,
if and only if u* = w/. We then require the further vanishing condition

(9) (S71)ij = (S2)i; = 0if 4,5 € I, for some r € J.
Lemma 6.2. Let u, € C" and 7 admissible at w,. If M is (u,, 7)-admissible, then there
exists a sufficiently small neighborhood V of u, such

(1) 7 is admissible at u, for allu €V,

(2) M is (u, T)-admissible for allu € V. O

Let w € C™ and 7 admissible at . Consider the complex z-plane with a branch cut from
0 to oo:
T—rm<argz < T+ .

Let r > 0 and denote by I' = I'(7, ) the union of the following oriented paths, see Figure 1:
(1) the half-line I'_, defined by argz = 7 + 7, |z| > r, originating from oo;
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(2) the half-line ', o, defined by argz = 7, |z| > r, ending to oo;

(3) the half-circle I'; defined by 7 — 7 < argz < 7, |2| = r, counterclockwise oriented;

(4) the half-circle I'y defined by 7 < argz < 7+ 7, |2| = r, counterclockwise oriented.
The orientations uniquely define the + and - side for each path I'1,I'1,I's. For z € I'_,
we use the symbol 2z, if argz = 7 £ 7. Set Iy, I, 1z to be the components of complement
C\ T, and T3, T to be the two nodes of I', as in Figure 1.

Let M := (B, D, L, Sy, 53,C) be a (u, 7)-admissible datum. Define two functions
Q(—u), H(—;u): I' = GL(n,C),
by
Q(z;u) == U(u)z + Blogz, U(u):=diag(u',...,u"),
(oQ(z—5u) STle @G- along T,

eQ(z;u) S2€_Q(Z§u)7 along F—l—ooa

H(z;u):=

QEWC=1,=L =D long Ty,

\eQ(z?“)SglC_lz_Lz_D, along I's.
We denote by Hi.., Hi, Hy the restrictions of H at 'y, 'y, .

Problem 6.3 (Problem P[u, 7,91]). Find an analytic function G: C\I' — M, (C) such that
(1) G|, extends continuously to II, for v = 0, L, R;
(2) the non-tangential limits Gy: I' — M, (C) of G from the - and + sides of I' exist,
and are continuous;
(3) they are related by
Gi(2) = G (2)H(zu);
(4) G(z) tends to the identity matrix I as z — oc.

Theorem 6.4 (|Cot20c, Section 3|). Let u, € C*. Assume that the pair (1,9M) is admissible
at each point of a sufficiently small open neighborhood V of w,. If Plu,, 7,M] is solvable,
there exists an analytic set © CV \ {u,} such that Plu, 7, M| is solvable for allu € V \ O.
Moreover, the solution G(z;u) is unique and holomorphic w.r.t. w € V' \ ©. [l

Remark 6.5. In [Cot20c|, we showed that Theorem 6.4 is essentially equivalent to a refine-
ment, due to C. Sabbah [Sab18, Th.4.9], of a previous result of B. Malgrange [Mal83b]. For
this reason, we refer to Theorem 6.4 as Malgrange-Sabbah Theorem. The original result of
Malgrange concerns the case u, € C" \ A. The result of Sabbah concerns the case u, € A.

6.2. Construction of semisimple flat /'-manifolds via a RHB inverse problem. Let
u, € C", 7 be an admissible direction at u,, and 9 = (B, D, L, S1,S52,C) be a (u,, 7)-
admissible datum. Assume that the RHB boundary value problem P[u,, 7, 9] is solvable.
Let V and © as in Malgrange-Sabbah Theorem 6.4: the problem Plu, 7,9] is well-defined,
solvable and with unique solution G(z,w), holomorphic w.r.t. w € ¥V \ ©. Consider the
asymptotic expansions of G(z,u) for z — 0 and z — oc:

G(z,u) =1+ 2z""Fi(u) + 0 (272) , z—o00, z¢€llyp,
G(z,u) = Go(u) + 2G;(u) + 2°Go(u) + O(z*), 2 —0,
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with coefficients Fi, G;’s holomorphic w.r.t. . The functions
Xir(z,u) == G(z,u)2P2"Y, 2 €Il g,
Xo(z,u) :== G(z,u)zP 2L, z € I,

are easily seen to be solutions of the joint system of differential equations

ZX = (2B - Vi) X, Vi(u) = [Fy(w)", B] = - (aaif -Go—l) . (63)
ZX = U=V X, V(u:=[FR"U-B5 (6.4)

see |Cot20c, Section 3.4| for details.

Lemma 6.6. The off-diagonal entries (F})T satisfy the Darbouz-Egoroff equations (3.26),
(3.27), and the homogeneity conditions

> Wk Fi(w)i = (b — b — )Fy(u);, B =diag(by,. .., by). (6.5)
k=1

Proof. The compatibility condition 0;0; = 0;0; for the joint system (6.3),(6.4) reads
(B, 0, FY ] — |, 0;F | + [[Ey, F{], [, F']] = 0.
This coincides with equations (3.26) and (3.27). Let x € C*, and set
h(z) = 222 CrBC kL b PP,
The piecewise analytic function G: (Ily Ul UTIR) x (kY \ kO) — C defined by
G(zu) =k BG(kz; ku)h(2)™, 2 el
G(z;u) = K BC(kz; K u) KB, z € g,
solves the same RHB problem P[u,7,9] as G. By uniqueness of solution we have G =G.
This implies that Fy (k™ u) = k- k"B F;(u)x®?, and (6.5) follows. O
Define the off-diagonal matrix I'(u) by I'(u)’ := F} (w)!.
Corollary 6.7. For any fixzed H, € (C*)", there ezists a unique H(u) = (Hy(u), ..., H,(u)),
analytic in V' \ ©, satisfying
O;H; =T H;, i +# j, 0;H; = — Y T}Hy, (6.6)
ki
and such that H(u,) = H,. Moreover, the functions H; are never vanishing.
Proof. The linear Pfaffian system (6.6) is completely integrable, by Lemma 6.6. This ensures

uniqueness and existence of solutions H;. The non-vanishing of solutions is a standard result,
see e.g. [Har20, Ch. 11]. O

Lemma 6.8. Let Go(u), H;(u) as above. For any a = 1,...,n, the one form wy(u) :=
Sor_ Go(uw)k Hy(w)du® is closed.

Proof. Set H := diag(Hi,...,H,). We have 0;[GITH]? = (GF)eH,I + (G)¥H,T';
9;|G{ H]}. This can be easily seen by invoking equations (6.3), and (6.6).

O
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Lemma 6.9. Let Gi(u), H;(u) as above. For any o = 1,...,n, the one form p,(u) :=
Sor_; Gi(uw)E Hy(w)du® is closed.

Proof. Firstly, notice that we have 0,G; = E;Go + 0;Gy - G, 1. @,. This follows from the
fact that X is a solution of the joint system (6.3), (6.4). Furthermore, we have the identity
ou(u) = [Go(u) 'G1(uw)]% - w,(u). Hence, we deduce

Aoy = 3 0iGo(u) "Gr(w)ls dui Ao = 37 (G )7 (Go) (Go)l H dui Adu = 0. T

a,ik

Consider a polydisc D(u,) C V '\ © centered in u,. Define the functions

t*(u) ::/ Wa, F"(u) ::/ o, a,v=1...,n, (6.7)

where u € D(u,). By definition, the functions ¢t = (%), define a system of coordinates on
D(u,), with Jacobian matrix

(5) = cotwr s

Theorem 6.10. The functions F*(u(t)) are solutions of the oriented associativity equations
(2.2), and define an analytic semisimple flat F-manifold structure on D(u,). The coordinates
t are flat coordinates, the coordinates w are canonical coordinates.

Proof. Define the product o of vector fields by 0; o 9; = 9,0;;, and the connection VZ, with
z € C, defined by V3 03 = 20, 0 05. Introduce the frame of vector fields f; :== H; '0;, for
i=1,...,n, and let (f7,...,f?) be its dual frame. Given a column vector (x;); satisfying
the joint system of equations (6.3), the one form & := >, ;f? is V*-flat. The existence of
a fundamental system of solutions X for the joint system (6.3) implies that the product o
defines a flat F-manifold structure on D(u,). The functions F*(u(t)) are the potentials, by
Corollary 3.2. O

We denote by Flu,, 7,9, H,| the germ (pointed at u,) of the analytic flat F-manifold
described in Theorem 6.10. Different choices of the vector H, € (C*)™ correspond to rescal-
ings of the oriented-associativity potentials F'*’s as in Remark 2.7. The unit is given by the
sum e = Y, 22. The sum E = Y, u'5% defines an Euler vector field. It is not unique: we
can modify it by shifts £ — E — Ae, as in Remark 2.8. If the germ is irreducible, then all
other Euler vector fields are of this form by Theorem 2.17.

6.3. Reconstruction of admissible germs of semisimple flat F-manifold. In this
section we prove that all admissible germs of analytic flat F-manifolds are of the form
Flu,, 7,9, H,|.

Let (M, p) be an admissible germ of an analytic flat F-manifold. Fix choices of normal-
izations (1)-(6) of Section 5.1. We then have a well defined system (X, u*, R, Sy, Sa, A, O)
of monodromy data at p, computed w.r.t.the chosen ordering of u, = u(p), an admissible
direction 7, and the normalization (H,1, ..., H,,) € (C*)" of Lamé coefficients at p.
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Lemma 6.11. The matriz p* = diag(qy,...,q,) — A+ 1 has a unique decomposition u* =
D + S* with
D* = diag(dy,...,d,), d;€Z, i=1,...,n
S* = diag(p1,...,pn), Re(p) €[0,1], i=1,...,n.
We have
[D*, S* =0, (R, 5% = 0. (6.8)

Proof. The uniqueness of the decomposition, and the first commutation relation of (6.8) are
clear. For any pair (i, j), we have [S*, R];; = (p; — pj)Rij = 0. Indeed, for i # j we have two
possibilities: if ¢; — ¢; ¢ Z<o, then R;; = 0; if ¢; — ¢; € Z«, then p; — p; = 0. O

Remark 6.12. Tt follows that z—# 2R = ;=D ;R=5*

Proposition 6.13. The 6-tuple M = (A, —D* R — S* 51, Sy, C) is (u,, 7)-admissible. The
problem Plu,, 7, M| is solvable.

Proof. Point (1),(2),(3) of Definition 6.1 directly follow from the definitions and properties
of R, A, D*, S*. Points (4)-(9) of Definition 6.1 follow from Propositions 4.16 and 4.17. Let

e =(t, z) be the fixed solution of the joint system (3.2) in Levelt normal form,
e X;(u,z), with s = 1,2, 3, be the solutions of the joint system (3.22) uniquely defined
by the asymptotics (4.6).
The (unique) solution of the problem Plu,, 7, 9] is

(@(tO)H(,_l)TEO(tO, 2)z B, z € Iy,
Glzuo) = Xy (g, 2)e Vo™, z € g,
Xs3(tg, 2)e Vo™, z e 1.
Here we set t, := t(p), U, := diag(u.,...,u?), and H, := diag(H,1, ..., H,,). O

Remark 6.14. In [Cot20c]| it is proved that solutions of Plu, 7, 9] can be factorized via two
auxiliary RHB problems P;[u, 7,90 and Pylu, 7,9]. The problem P;[u, 7,90 is shown to
admit unique solution ¥(z,w) holomorphically depending on u varying in a neighborhood
of u,, see [Cot20c, Th.3.7|. Given ¥(z,u), the problem Ps[u, 7,9 is formulated, and it is
shown to be locally uniquely solvable, see [Cot20c, proof of Th. 3.13|.

If u, € A, assumption (9) of Definition 6.1 is crucial for the proof of the unique solvability
of Pylu, 7,9, see [Cot20c, proof of Lem.3.6]. If (M,p) is not an admissible germ, then
the monodromy data are not well defined. Indeed Theorem 4.14 does not hold, solutions
Xi(u,, 2), with i = 1,23, are not unique. With each such a triple of solutions we can
associated a pair (S7,.52) of Stokes matrices. In general these Stokes matrices do not satisfy
Proposition 4.17.

Theorem 6.15. The analytic germ Flu,, 7, M, H,| of flat F-manifold is isomorphic to
the original admissible germ (M,p). They are defined by the same oriented associativity
potentials (modulo linear terms). Different choices of H, correspond to rescalings of the
potentials. O
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In the light of the construction of Section 6.2, Theorem 6.15 follows from the following
crucial result.

Lemma 6.16. Let one of the following assumptions hold:
(1) u, € C"\ A,
(2) uo € A and 6; — 6; ¢ Z\ {0} foralli,j=1,...,n.
Let

00 n k
F(u) :FO+Z Z %F(Z)Hﬂgﬁ Wi = U — Up,
1 j=1

k=1 €1, 0=
be a matriz-valued formal power series whose off-diagonal entries F]z are formal solutions of

the Darbouz-Eqgoroff system (3.26), (3.27), (3.28), (3.29), (3.30). The off-diagonal entries of
the coefficients F© can be uniquely reconstructed from the off-diagonal entries of F,,.

Proof. We have to show that the derivatives 0;, ... 0, F ;(uo) can be computed from the only
knowledge of the numbers F;(uo) We proceed by induction on N. Let us start with the
case N = 1.
Step 1. For 1,7, k distinct, by expanding both sides of 8kF; = F,ﬁFf in power series, and
equating the coefficients, one reconstructs the coefficients of Oy F ;(uo)
Step 2. From the identities (3.29) and (3.30) for F}, one can compute 9; F; (u,) and 0; F; (u,)
provided that u,; # u, ;.
Step 3. Assume that u,; = u,;. By taking the 0,-derivative of both sides of (3.29) we
obtain

(6; = 0i = 2)0,F) + (v —u")OPF} = Y (uf — ) [0 FLF} + FLOFY). (6.9)

ki,

By evaluating (6.9) at u = u, we can compute all the numbers 9, F’ ;(uo), namely

i 1 ' i i i
0iFj(uo) = 5—~— > (b —ul) [0:F(wo) Ff (wo) + Fii(wo) Ff (wo) Fy (u,)] -
J v k#i,j

Notice that the only terms 9;F} (u,) appearing in this sum are those computed in Step 2.
Step 4. If u,; = u,;, the numbers 9;F}(u,) can be computed similarly as in Step 3, by
invoking equation (3.30):

. 1 . . 4
O;Fj(uo) = s—— D (ul — ) [Fj (o) i (wo) Fy (u,) + Fi(wo)0; ) (u,)]
J ¢ ki,

This proves that all the first derivatives Oy F ]?(uo) can be computed.

Inductive step. Assume to know all the N-th derivatives 9;, ... 0;y F}(u,). We show how
to compute the number Oy, ... Ohy,, F}(u,) for any (N + 1)-tuple (hy, ..., hyi1).
Step 1. Assume that there exists £ € {1,..., N + 1} such that h, # i, j. We have

Ony -+ Oy n Bl = Ony - Oy Ongy - O 1 [On, F1 = Ony < Oy Oy - - O [, 1

J

By evaluation at u = u,, we can compute all the numbers 0y, ... 0, +1Fj(uo).
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Now we need to compute the mixed derivatives o7 8]]-\[ +l-p Fi(u,), with 0 <p < N + 1.
Step 2. Assume p > 0 and w,; # u,;. Take the 07 718]]-\”172’ -derivative of both sides of
(3.29): by evaluation at u = u, we can compute the numbers 8?(’9]]-V+1_pF;(u0).

Step 3. Assume p > 0 and u,; = u,;. Take the 07 _16]].\[ 17P_derivative of both sides of
(6.9), to obtain

(6; — 6 —p = 1FO; T TF + (N +1=p)d o) TF) + (u —u' ) o)

= 0oy " (uf — W) [0 FLF) + FLOFf). (6.10)
k#i,j

Specialize (6.10) for p = N + 1: by evaluation at u = u, of both sides, we can compute the
derivative 9"t Fi(u,).
Specialize (6.10) for p = N: by evaluation at w = u, of both sides, we can compute the
derivative 9]0, F}(u,).
Repeating this procedure, by decreasing p — p — 1 at each step, we can compute all the
mixed derivatives 07 8§V+1_p Fi(u,).
Step 4. Assume p = 0. The derivative 8§V+1F;(u0) can be computed, as in Steps 2 and 3,
by invoking equation (3.30).

This proves that all the (N + 1)-th derivatives Oy, ... Ohy,, F}(to) can be computed. O

6.4. Convergence of semisimple admissible formal flat F-manifolds. We are now
ready to prove the following result.

Theorem 6.17. Let (H,®) be an admissible formal semisimple flat F-manifold over C,
with Euler field E. The oriented associativity potentials ® = (®1,... ®") have a non-empty
common domain of convergence.

Proof. Fix one ordering u, € C" of the eigenvalues of the operator U(t) at t = 0. We have
n X n matrix-valued (a priori) formal power series in u

[e's) n k 00 n k
1 _ | ) _
V) =Vo+ Y > VO, v =vie+d, > VO],
k=141, Ly=1 j=1 k=101, ly=1 j=1
[es) n 1 k ) n 1 k
£ — ¢ _
TR VD S | LANIUEND o S 1 L8
k=1 £1,...0,=1 ’ J=1 k=1 £1,...0,=1 ’ 7j=1
where W; := u;—u,; fori = 1,...,n. These power series are well defined by the semisimplicity

assumption, and they satisfy properties described in Propositions 3.17 and 3.18.
~ ~ i n
Set H, := ¥, ¥ where ¥, := <3“ ) .
t=0/ i,a=1

ot
After fixing choices of normalizations of Section 5.1, we can introduce a system of mon-
odromy data (\, u*, R, S}, Ss, A, C) for the formal flat F-structure, computed w.r.t.an ad-
missible direction 7 at u,, and the normalization H, of Lamé coefficients at the origin.
Proposition 6.13 holds true, with the same proof. We can set the RHB problem P[u,, T, 9].




48 GIORDANO COTTI

This problem is solvable w.r.t. w on an open neighborhood V \ © of u,, by Theorem 6.4.
The unique solution G(z;u) is holomorphic in w € V' \ O, and with expansion

G(z;u):IjL%an(u)—i—O(z%), z =00, ze€llyp,
G(z;u) = Go(u) + Gi(u)z + Go(u)2* + G3(u)2®* + O(2*), 2z —0.
Here the superscript “an” stands for analytic. As output of Section 6.2, we also obtain a

compatible joint system of differential equations (with analytic coefficients in w, not just
formal) of the form

5% = (zE; — Vi(u)") X,

%X = (U — %V(u)T) X, (6.11)

where
VA (u) = [F7"(w)", U] = A,

V) = I B = - (00 651 ) = ()

We also have
Van(uo) = V;, Go(uo) = (\I]_l)T, &GO = ‘/ianGo, 7, = 1, oo, n.

From the equality [Fi(u,)?, E;] = V, = [T, E;] we deduce that [F(u,)"]" = T,. Moreover,
by Lemma 6.6, the off diagonal matrix [F7"(u)"] solve equations (3.26),(3.27),(3.28),(3.29),
(3.30). By Lemma 6.16, we obtain I'(u) = [F*(u)”]”. In particular, I'(u) is convergent. It
follows that ¥(u) = (Go(u) )T, Vi(u) = V2 (u), and V(u) = V*(u) are convergent.

The oriented associativity potentials ®',... ®" can be reconstructed via formulas (6.7).
The original formal structure (H, ®) turns out to be equivalent to the analytic flat F-manifold
Flu,, 7,9, H,|. 0

Open question: Does it exist a semisimple and doubly resonant germ of flat F-structure
which is purely formal?

A positive answer would imply the optimality of Theorem 6.17. The study of the doubly
resonant germs goes beyond the general theory developed in [CDG19].

Remark 6.18. Consider a trivial vector bundle F on P!, equipped with a meromorphic
connection V° with connection matrix €2 given by
1
Q=—|U,+= A+ [(F)H",U)) | dz, U, =diag(u},...,ul), A=diag(A—=d,...,A\=5,).
z

Malgrange’s Theorem [Mal83a, Mal86| asserts that, if u, € C"\ A, the connection V° has a
germ of universal deformation. Its connection matrix is

dz

— d(=U) — ((F"(@)", U+ 0= = [F"(w)",dU], (6.12)

where F”(u) is the unique off-diagonal solution of the Darboux-Egoroff equations of Lemma
6.16. The same statement holds if u, € A and §; —d; ¢ Z\ {0}: this is Sabbah’s refinement
proved in [Sabl8]. In both cases the function F”(u) is analytic in a neighborhood of u,,.

If u, € A and 6; —6; € Z \ {0} for some i # j, Lemma 6.16 does not hold, and the
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initial datum (w,, F,) does not identify a unique (formal) solution F(u) of the Darboux-
Egoroff equations. The universality of the (formal) deformation (6.12) is lost. This answers
a question raised by C.Sabbah in a private communication to the author.

6.5. On the number of monodromy local moduli. Consider all n-dimensional germs
of homogenous semisimple flat F-manifolds, modulo local isomorphisms.

Theorem 6.19. The local isomorphism classes of n-dimensional germs of homogeneous
semisimple flat F-manifolds generically depend on n? parameters. The local isomorphism
classes of n-dimensional germs of homogeneous semisimple Frobenius manifolds generically
depend on £(n* —n) parameters.

Proof. We show that germs of flat F-manifolds are identifiable with points of a “stratified

space” X, whose generic dimension is n?.

To parametrize them, we have at least two ways. After fixing u,, and A\, € C, and the
initial value H, of the Lamé coefficients, one can choose

e the initial datum (T',) of the Darboux-Egoroff equations, and an n-tuple (dy,...,d,)
of conformal dimensions;
e the monodromy data (u*, R, S1, Sa, Ay, C).
The entries of ', are in total n? — n. In the generic case, the conformal dimensions
01,...,0, do not differ by integers, and we have

dim(generic stratum of X) = n?

Let us consider the tuple (u°, R, S, S, A,, C). For the generic case, the entries of p*e do
not differ by integers, so that R = 0. The remaining matrices must satisfy equation (4.12).
In particular, we have

51_16277\/?1/\0 52—1 e 0(6_271-\/?1“)\0),

where O(e=2"V=1#*) denotes the similarity orbit of e~2™V=1#* The codimension of the orbit
O(e~2™V=11*Y in M(n,C) equals the dimension of the centralizer

dim{A € M(n,C): [A, e >V =0},
see [ArnT71, §2.4]. Hence, for generic pu*> we have
dim O(e 2™V"1") = p2 — n,
Moreover, it is easy to see that if a matrix A admits a LDU-decomposition
A = G1G2Gs, Gi€ L, GselU, Gy=diag(gi,...,gn),

then such a decomposition is unique, see e.g. [HJ85]. From this, it follows that (Si,Ss)

can be used as coordinates on O(e~2™V~1#*) The total number of parameters (1, Sy, S5)
equals
dim(generic stratum of X) =n +n* —n = n’

Alternatively, one can choose (u*o, C) as coordinates on O(e_%ﬁm"), provided that C' is

defined up to left multiplication by elements of T = (C*)". The point corresponding to
(ue,C) is
Cle VTl 0 e O(en PV,
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In total, we get n + (n2 —n) = n? parameters. At non-generic points, the space X can get
additional strata.

Let us also consider the subspace X, € X of all n-dimensional pointed germs of homo-
geneous semisimple Frobenius manifolds.

For Frobenius manifolds, one has standard choices A\, = 521 and H,;, = 77(81-,8@-)%. The
initial datum T, of Darboux-Egoroff equations is symmetric, i.e. ' = T',, and the conformal
charges ¢; are all equal (to \, = %l) Consequently, the generic stratum of Xg.., has dimension

—1 -1
dim(generic stratum of Xpep) = n* — % —n= %

From the point of view of monodromy data, one has to impose some constraints among
the coordinates. In the system of monodromy coordinates (u*e, S1,S), one has to impose
the n-skew-symmetry of u*° (this implies that all conformal dimensions are equal), and also
St = ST see Remark 4.19. In total we have n + $(n* — n) constraints. In the system
of monodromy coordinates (2, C), besides the n-skew-symmetry of p*°, we also invoke
equation (4.13). By imposing the triangularity of S, we have a total number of n+ 3(n? —n)
independent constraints. In summary, we find again
5 n(n—1) n(n —1)

dim(generic stratum of Xg.op) = n° — —5 —n= 5

Finally, notice that other choices of H, do not change the isomorphism class of the germ,
and that small perturbations of u, correspond to transformations in the n-dimensional au-
tomorphism group Aut(M )y, by Proposition 2.15. O

Remark 6.20. We underline that the tuple (u*, R, S, S, A, C') of monodromy data actually
provides two equivalent systems of “essential parameters” classifying germs. For generic
germs, one system is (u*,S1,Sy), the other is (u*, C). Both have a total of n? essential
parameters.

7. APPLICATIONS TO LM-CoOHFTSs, F-COoHFTS, AND OPEN WDVV EQUATIONS

7.1. Losev-Manin moduli spaces and LM-CohFTs. A n-pointed chain of projective
lines (C' 3¢, Soo; S1, - - -, Sp) consists of the following data:

(1) a nodal curve C' = C; U --- U C,, (over C) whose irreducible components C; are
projective lines;

(2) each component C; is equipped with two marked points pf, called poles;

(3) C; and C} intersect only if |i — j| = 1;

(4) C; and Cj4q intersect transversally in p = p;,;

(5) so = p; € C1 and s = p;t. € C), are called white points;

(6) 81,...,8, € O\ {pT,...,p} are called black points.
A n-pointed chain of projective lines is stable if there is at least one black point on each
irreducible components. Notice that black points are allowed to coincide.

Tow n-pointed chains of projective lines (C'; So, Soo; S1, - - -, Sn) and (C'; sq, 458, -+, Sh)

are isomorphic if there exists an isomorphism ¢: C' — C” such that ¢(s;) = s for j =
0,1,...,n,00.
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FIGURE 2. A stable 12-pointed chain of projective lines.

The spaces L,,. The Losev-Manin moduli space L,,, with n > 1, is defined as the fine-moduli
space of stable n-pointed chains of projective lines [L.MO00].

The space L, is a (n — 1)-dimensional smooth toric varieties (over C): it contains the open

dense torus
L, = {(P%0,00; 81,...,8,)}/iso & (C*)*/C* = (C*)" .

The space L, is the toric variety associated with the convex polytope in C" called permu-
tohedron, defined as the convex hull of the &,-orbit of the point (1,2,...,n) € C", see
[LMOO]. Such a toric variety can be constructed via iteration of blow-ups of P*~'. As a
first step, blow-up n points py, ..., p, in general position in P"~!. Subsequently, blow-up the
strict transforms of the in(n—1) lines passing through the pairs (p;, p;) forall4,j =1,...,n.
Continue this blowing-up procedure up to (n—3)-dimensional hyperplanes, see [Kap93, §4.3].

Alternatively, L, is the toric variety defined by the fan formed by the Weyl chambers of
the roots system of type A,,_1, with n > 2, [BB11].

The group &, x &, naturally acts on L,, by permuting white and black points, respectively.

The cohomology ring H*(L,,Q) was studied in [LM00, Man04|. It is algebraic: all odd
cohomology groups vanish, and H*(L,, Q) is isomorphic to the Chow ring A*(L,,, Q), [LMOO0,
Th. 2.7.1]. See also, [BM14] where the groups H*(L,,Q) are determined as representatlon
of 62 X 6

Given ny,ny > 1, we have a natural morphism L,,, X Ly, — Ln1+n2, defined by concatena-
tion of white points. Furthermore, each boundary divisor of L, is isomorphic to L,, x Ly,
with ny +ny = n.

Let Mo .42 be the moduli space of stable (n+2)-pointed trees of projective lines. We have
a surjective birational morphism p,,: Mg .12 — L,, for any choice of two different labels 4, j
in (1,...,n+2) (the chosen white points).

Losev-Manin cohomological field theories. Let V;, V5 be two complex vector spaces
of finite dimensions. A LM-cohomological field theory (for short, LM-CohFT), on the pair
(V1, V), is the datum of polylinear maps

an: Vi Vi@VE" — H*(L,,C), withn >1,

such that, for any chosen bases” (vy,...,vn,) of Vi and (wy, ..., wy,) of Vs, the following
properties are satisfied:

(1) ay, is &,-covariant w.r.t. the natural actions of &,, on both V;*"* and H*(L,,C),

In the following paragraphs, if (é1,...,en) is a basis of a vector space V, then (eY,...,eX ) denotes the
dual basis of V*.
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(2) for any partition I []J = {1,...,n} with |I| = n; and |J| = ny we have®

gl (v @ vy @ @ wp,) = an, (v) @ v, @ Q) wp,) © i, (v © vy @ Q) wy,),

i=1 iel icJ
where 1 < ,h < Ny and 1 < p1,...,pn < No, and gl: an X fm — fnlJrnQ is the
gluing map.

Remark 7.1. The spaces L,, and Mo,n, and their higher genus analogs, are two examples
of moduli spaces of weighted stable pointed curves constructed in [Has03], corresponding to
two different choices of weights. Losev-Manin CohFT’s fit in a more general construction
developed in [BM09], in the setting of moduli spaces of curves and maps with weighted
stability conditions. We borrow the terminology “Losev-Manin CohFT” from [SZ11].

Commutativity equations. Consider two complex vector spaces Vi, V5 of dimension
Ny, Ny respectively. Fix a basis (wy,...,wy,) of Vo and let ¢ := (t',...,tM) to be the
dual coordinates.

The Losev-Manin commutativity equation for B € C[t] ® End(1}) is given by

dB NdB = 0. (7.1)
In coordinates ¢, equation (7.1) is equivalent to the commutation relations
0B 0B
l({)t’ ) Ot :| ) 1,7 ) s 4V2

Fix a basis (v1,...,vn;) of V1, and let (v, ..., vy, ) be the dual basis of V.
Given a LM-CohFT (ay)n>1, define the formal power series B € C[t], with i,j =
1, ce 7N17 by
i L T T y "
Bi(t) == Z Z T/ am | v; ®vj®®wpé : (7.2)
m=1 p1,..., pm=1 ’ Ly /=1
The matrix B := (B;'-)f-\f;:l represents an element of C[t] ® End(V}) in the basis vy, ..., vy,
of V.

Theorem 7.2. The matriz B is a solution of the commutativity equation (7.1). Vice-versa,
any solution B of (7.1), such that B(0) = 0, has the form (7.2) for a unique LM-CohFT

(Qn)n>l .

Proof. This is an equivalent reformulation of [LMO00, Th.3.3.1, Prop.3.6.1] and [LMO04,
Th.5.1.1]. 0

7.2. F-cohomological field theories. Let V' be a complex vector space of finite dimension
N. Denote by My, the Deligne-Mumford moduli space of genus g stable curves with n
marked points, defined for g,n > 0 in the stable regime 2g — 2 +n > 0.

An F-cohomological field theory (for short F-CohFT) is the datum of

e polylinear maps ¢y pi1: V@ V" — HYV(M, i1, C), for 29 — 1 +n > 0,
e a distinguished vector e; € V,

8Einstein’s summation rule over repeated Greek indices is used.
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such that, for any chosen basis (ey, ..., ey) of V, the following properties are satisfied:

(1) ¢yns1 18 Sp-covariant w.r.t. the natural actions of &,, on both V* ® V" (permutation
of the n copies of V) and on H®"(M,,11,C) (permutation of the last n marked points);
(2) mcgni1(e) €py ® Qi €p:) = Comiale), @ Qi e, @ er), for 1. < py,..py < N, where
7 Mynia — Mg,qq is the map forgettlng the last marked point;

(3) cosleq ®esg®er) =65, for 1 <o, <

(4) for any partition [ [[J = {1,...,n} Wlth || = ny and |J| = ngy, we have’

gl Cg1+g2, n1+n2+1 ® ® epz = Cqy, n1+2 ® ® €p; & 6# X Cygs, n2+1 6 & ® epj

el jeJ

for 1 < py,...,pn < N, and gl: Mgmﬁg X ﬂgwﬁl — Mgﬁgwﬁnzﬂ is the corresponding
glulng map.

The genus 0 sector (or tree-level) of a given F-CohFT is the datum of the maps (¢, )n>2
and the distinguished vector e; € V only.

Given a tree-level F-CohFT, fix a basis (eq,...,ex) of V, and denote by t := (t',... V)
the dual coordinates. Define the formal power series F'* € C[¢t], for « = 1,..., N, by

0o N n
. S ter . e
F (t) = T /AA C(),n+1 (6;/ ® ® epi) . (73)
n=2 pi,...,pn=1 0,n+1 =1

Theorem 7.3. The functions F*(t) are solution of the oriented associativity equations
2 o
%:5@‘, a,f=1,...,N, (7.4)
O?F* 9°Fr  9°F* O°F*
OOt OO Otrdty OtP Ot
and thus define a formal flat F-manifold structure on V' with unit e;.
Vice-versa, any solution (F*', ..., FN) of (7.4)-(7.5), with F*(0) = 0 and dsF*(0) = 0 for
all o, B=1,...,N, is of the form (7.3) for a unique tree-level F'-CohFT (con)n>2-

a,B,v,0=1,...,N, (7.5)

Proof. The first part of the statement follows from a simple computation, invoking properties
(1)-(4) above. For a proof of the second part of the statement, see Appendix B. O

7.3. From tree-level F-CohFT to LM-CohFT, and vice-versa. Given a tree-level ['-
CohFT on V, a LM-CohFT is naturally defined on the pair (V;,V5) = (V, V). For any n > 1
define

= (pn)* © 00771-‘!-2: V* ® V®(n+1) — H.(z’rw (C)a

where p,, : MO,n—Q—Z — L, is the surjective birational morphism defined by a choice of two
white points.

Proposition 7.4. The polylinear maps (o, )n>1 define a LM-CohFT on (V, V).

9Einstein’s summation rule over repeated Greek indices is used.
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Proof. The G&,,-covariance of o, follows from the &, -covariance of ¢y 42. For ni +ny = n,
we have the following commutative diagram

I N gl N
Mo,n1+2 X Mo,n2+2 — MO,n+2

Pnq XPngy l lpn

Ly, X Lpy ———— L,

with proper vertical arrows and local complete intersections as horizontal arrows. The gluing
property of o, then follows from the gluing property of cy,+2 and the excess intersection
formula [Ful98, Prop. 6.6 and Prop. 17.4.1]. Notice that the excess bundle E has rank 0

(both gl and gl have codimension 1), hence

gl*(pn)* Tr = (pm X pnz)* gl'z,
for all # € H® (Mo, C) =2 A* (Mg ia)c. d

Vice-versa, given a LM-CohFT (ay),>1 on (Vi,V3) we can reconstruct a formal flat F'-
manifold, provided that
e dimV; =dimV, =N,

e we are given an extra amount of data, namely a primitive vector.

Definition 7.5. Let B € C[t] ® End(V}) be a solution of commutativity equations (7.1). A
vector h € Vi is primitive for B if the vectors

0B 0B b
oty T 0N
define a basis of V;. Equivalently, h is primitive if, for any chosen basis (vy,...,vy) of Vi,

we have
N

h“) # 0, where h = htv,.
0 ik=1

ot 0B,
e —
otk

If B admits a primitive vector h, we can identify V; and V5 via the isomorphism wy —
9B| ph for k =1,...,N. Under such an identification, t can be thought as coordinates on

W|0

iz

Proposition 7.6 (|[LMO04, Prop. 5.3.3|). If B admits a primitive vector h, then there exists
a formal flat F-manifold structure on Vi = V4 with flat identity h. The oriented associativity
potentials F = (F',..., FN) satisfy By = o

Proof. Let (vy,...,vy) be a basis of V] with v; = h. By assumption, we have det <% 0) +
0. Hence, up to change of basis (wy,...,wy) of V5, we can assume that in the coordinates ¢
we have

OB



RHB INVERSE PROBLEM FOR FLAT F-MANIFOLDS 55

Consider the C[t] ® V;-valued differential form dB A d(Bh). In the bases (w;)Y, and (v;)Y,
chosen as above, it has components

| B OB
[dB A d(Bh)]' = (‘9 Adt”) A (") = ——2 dt” A di*.

otv otv
On the other hand, dBAd(Bh) = (dBAdB)h = 0, since h is t-independent and B a solution
of (7.1). Hence,

0B, 0B;
Pon 90y _ —1,....N.
atu atu 07 /"LJ v Y Y
This implies the existence of F* € C[t] such that B} = 9;F". O

Theorem 7.7. The following notions are equivalent:

(1) formal flat F-manifold,
(2) tree-level F-cohomological field theory,
(3) LM-cohomological field theory with primitive element.

Proof. Tt follows from Theorems 7.2, 7.3 and Propositions 7.4, 7.6. OJ

Remark 7.8. Black marked points of stable n-pointed chains of projective lines are allowed
to coincide. It would be tempting to compare these coincidences of black points with the
coalescence phenomenon at irregular singularities of ordinary differential equations studied in
[CG18, CDG19]. Any contingent relation deserves further investigations. Ithank Yu.I. Manin
for pointing out such an analogy in a private communication.
7.4. Homogeneous F-CohFTs. A F-CohFT (c;,+1)gn is said to be homogeneous if

(1) the vector spaces V and V* are graded, with homogeneous bases (ey,...,ey) and

(ef,...,eX),
dege, = —dege! =q,, a=1,...,N dege = 0;
(2) there exist 71,... 7Y ~ € C such that

Deg Cg,n—f—l (6;/0 & ® 6@1) + Ty Cg,n+2 (6;/0 & ® €q; & T)\e)\)
=1 =1
— (Z o, — Qo + fyg) Comtl (ego 2 eai> , (7.6)
=1

i=1
where Deg: H*(M,,,) — H*(M,,) rescale a k-th degree class by a factor g, and m: My 0 —
mgmﬂ is the morphism forgetting the last marked point.

Proposition 7.9. If a tree-level F'-CohF'T is homogeneous then the associated formal flat
F-manifold with potentials (7.3) is homogeneous, with the Euler vector field

E=> ((1-qu)t"+ TQ)%.

a=1

Proof. A simple computations shows that equations (7.6), specialized at g = 0, imply equa-
tions (2.4) for the potentials (7.3). O
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The following result follows from Theorem 6.17, and Abel Lemma.

Theorem 7.10. Let (H,®) be a formal flat F-manifold over C, with dimc¢ H = N. Let
(Cont1)nz2 and (an)ns1 be the underlying tree-level F-CohFT and LM -CohFT, respectively.
If (H, ®) is admissible, then there exist real positive constants m,ky, ..., ky € Ry such that

N
® .
/ CO,|n|+1 (A\é X ® Aj NJ)
Mo, |nj+1 j=1

N
RS- NS
Lin| j=1

where we set n! := vazl nj, and |n| = Zjvzl n;. O

N
mn!Hk;?j, neNY, /f=1,...,N,
=1

N
<mn![[K’, nmneNV, By=1..N,
=1

7.5. Open WDVYV equations. Let k£ be a commutative Q-algebra. Consider a formal
Frobenius manifold over k, with Euler vector field F, defined by the solution F' € k[t!, ... t"]
of the WDVV equations:

PF ., OF PF ., OPF

DeotPath | aronar | arotom drarate (7.7)
PE - .
Lot OLB = Nap = const., 1= (Nap)ass 1 b= (n B)a,[% (7.8)
OF
E'on =@ -dF+Q(t), E"=(1-¢)t"+17, (7.9)
where «, 5,7 € {1,...,n}, d € k is the conformal dimension (or charge) of the Frobenius

manifold, ¢V, r" € k, and Q(t) € k[t] is a quadratic polynomial in .
The open WDVV equations (OWDVV) are the following overdetermined system of PDEs

for F° € k[tt, ... .t s]:
»PF -, PF° O*F° 9?F° »rPF -, OPF° O?F° 9*F°

dovon" owor T owar osar  onovon” avar T oo asor’ V)
PF O O O OPF O'FC .11)
DteatPate 9vds | otedtd 952 9sotP dsote’ ‘
62F0 82F0
otrote 0, atlas =1 (7.12)
FO
E”%ty + ( s+ r”“) = —FO + L(t), (7.13)

where o, 8,7 € {1,...,n}, r"™ € k, and L(t) € k[t] is a linear polynomial in ¢.

The OWDVYV equations first appeared in [HS12, Th. 2.7|, in the context of open Gromov-
Witten theory. These equations subsequently appeared in [PST14, BCT18, BCT19]: al-
though not explicitly mentioned in loc. cit., the OWDVV equations follow from the open
Topological Recursion Relations equations, see [PST14, Th. 1.5|, [BCT18, Th.4.1|, [BCT19,
Lem. 3.6], [Burl8, Sec. 4], [BB19, Sec. 1]. The OWDVV equations play a central role in the
general theory of relative quantum cohomology developed in [ST19].

Proposition 7.11 (P.Rossi, [BB19]). The following conditions are equivalent:
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(1) (F, F°) is a solution of WDVV and OWDVV equations (7.7)-(7.13),

(2) (85nm, ..., 28pm F°) is a solution of the oriented associativity equations (2.1)-(2.2)

in the coordinates (t, s), and the corresponding formal flat F-manifold is homogenous.
Proof. The claim follows by a direct check. 0

We will refer to the formal flat F-structure of point (2) of Proposition 7.11 as the formal
flat F-manifold underlying the pair (F, F°). As a corollary of Theorem 6.17, we deduce the
following result.

Theorem 7.12. Let F' € CJ[t], F° € C[t,s] be solutions of the WDVV and OWDVV
equations. If the underlying formal flat F-manifold is semisimple, and it is not doubly
resonant, then both F' and F° are convergent. 0

Remark 7.13. According to a conjecture of B. Dubrovin, the monodromy data of the quan-
tum cohomology of a smooth projective variety encode information about the derived cate-
gory D°(X), see [Dub98, CDG18, Cot20a, Cot20b]. It would be interesting to look for analog
relations starting from the monodromy data, as defined here, of flat F-structures given by
relative quantum cohomologies of [ST19]. This will be addressed in a future project of the
author.

APPENDIX A. PROOF OF THEOREM 2.17

Let M be an analytic homogeneous semisimple flat F-manifold, and let Ey, By € T'(T'M)
be two Euler vector fields.

Lemma A.1. We have [Ey, E5] = Ey — Es.

Proof. By Proposition 2.13, we can choose canonical coordinates so that Ey =) ; u!9; and
Ey =3, (w + ¢)0;. We have
By, Ea] = Y (EYOLE] — EYOuE])0; = = 0, = By — . O
J J
Lemma A.2. We have VE| = VE,.

Proof. Since V is torsionless, we have Vg, By = Vg, Ey + [Ey, Ey]. For arbitrary vector field
X, we have

yXVElE%:YXVE2E1 +Vx[Ey, Es. O
0 0
Proof of Theorem 2.17. Introduce the operators U; (X) := E; 0 X and Us(X) := Ey0 X, and
WX) =X —VyE =X —VyE, X eI (TM).
Choose canonical coordinates so that £y = Y-, u/0; and Fy = 3 (w4 ¢/)0;. Set Ui = oy
The matrix ¥ diagonalizes both U and Us:

Uy =V Ut = diag(u', ..., u"),

Uy = VU U ! = diag(u' + ', ..., u" 4+ c").
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Set V := U ! UL V= ;W - UL, and also introduce an off-diagonal matrix I = (fé) by
L= —(Vi)j, i#7.
The matrix [ is a solution of the Darboux-Tsarev equations. Moreover, we have
V=V'+[,U], andalso V=V +][[,U,), (A.1)
where V' denotes the diagonal part of V. This follows from Propositions 3.5 and 3.7.
Let j # k, and take the (j, k) entry of both equations (A.1). We have
Vi (u) = T (u) (" — o) = T (u)(u* — o) + T (u) (" = ).
Hence, we have N
T (u)(c" — ) =0, foranyj# k.
This means that L
d#d = Ij=ri=o0.
Introduce the partition ]_[iV:l I, ={1,...,n} sit. ¢ = ¢ only if i, j are in a same block, i.e.
1,7 € I, for some r.
It follows that f; = 0 unless i,j € I,. Take i,j € I, and k ¢ I,. We have
OpT = —T'T% + T + [Tk = 0.
We have proved that
e the function f; is not identically zero only if the indices i, j are in the same block I,;

e the function f; only depends on coordinates u* with i, 7, k in the same block I,.

It follows that all the matrices I', V', V;, ¥ admits a direct sum decomposition
N N N B N N N
r=@ro, v=gvo, v.=pv", =g,

r=1 r=1 r=1 r=1

and each summand f(’"), \N/(’"), \N/i(r), g only depends on canonical coordinates u* with k € I,.
The original flat F-manifold M locally decomposes into N corresponding pieces:

loc.

N
M= MY,

j=1
The flat F-manifold M is irreducible if and only if N = 1. This completes the proof. U

APPENDIX B. PROOF OF THEOREM 7.3

In order to complete the proof of Theorem 7.3, we need to recall some preliminary known
results on the (co)homology groups He(M,,,, C) and H* (M, C).

Graphs. In what follows, a graph 7 is an ordered family (V,, H,, 0, j,) where

e V_is a finite set of vertices,
e H_ is a finite set of half-edges, equipped with a vertex assignment function 0, : H, —
V., and an involution j,: H, — H.,.
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The set E, of 2-cycles of j, is the set of edges of 7. The set S, of fixed points of j, is the set
of tails of 7. The datum of j, is thus equivalent to the datum of E, and S,. For each vertex
v € V. define the set H,(v) of half-edges attached at v by

H.(v) =0 (v),
the set E,(v) of edges attached to v by

E-(v) :={{f1, f2} € Er: 0:(f) = v or 0;(f2) = v},
and the set S;(v) of tails attached to v by

Sy(v) ={fe€S;:0,f =v}.
We clearly have a partition H.(v) = E,(v) [[ S;(v).

An isomorphism 71 — 75 of graphs is the datum of two bijections V,, — V., and H,, — H.,
compatible with 0 and j.

A graph 7 is conveniently identified with its associated topological space ||7||. Vertices of 7
are identified with |V | distinct points {p(v)},cv. on the curve C := {(t,#*,t3): t € R} C R?,
an edge {fi, fo} € E, is identified with the segment'® joining the points p(d.(f1)) and
p(0:(f2)), tails at v are identified with a star of |\S;(v)| small segments originating from p(v),
intersecting neither edges nor other tails at other vertices. The space ||7]| is the union of all
these vertices and segments, equipped with the topology induced from R3. The graph 7 is a
tree if ||7]| is connected and H,(||7||,Z) = 0. A tree with n tails, will be called an n-tree.

Dual stable graphs. To each point [C, (x)] € ﬂo,n, we can attach a dual stable graph T
as follows:

(1) the vertices of 7 are in 1-1 correspondence with the irreducible components of C,

(2) each node of C' is replaced by an edge connecting the vertices corresponding to the
two sides of the node,

(3) for each i = 1,...,n attach an tail with label i to the vertex corresponding to the
irreducible component containing x;.

The resulting graph 7 is always a n-tree satisfying the following stability condition: each
vertex has valence |H,(v)| at least 3. We say that [C, ()] has combinatorial type 7.

Vice-versa, for any stable n-tree 7, there exists a locally closed irreducible subscheme
D(1) € M,,, parametrizing curves of combinatorial type 7. The stratum D(7) uniquely
identifies the isomorphism class of 7, and its codimension equals the number of edges |, |.

For example, the n-tree with one vertex corresponds to the open stratum M, ,,. The strata
of codimension one are labelled by isomorphism classes of one-edge stable n-trees o. Each
such class can be identified with a stable unordered 2-partition of the set {1,...,n}. This
consists of a set 0 = {51, 52} such that {1,...,n} = S, [[ S, and |S;| > 2 for i = 1,2. See
Figure 3.

Given (7,7, k,1) € {1,...,n}* and a stable unordered 2-partition o, we write ijokl if 7, j
and k, [ belong two the two different elements of o.

10By Vandermode determinant any four points p(v1),...,p(vs) are not coplanar, and they are vertices
of a tetrahedron. This argument shows that segments representing edges intersect only at the appropriate
vertices.
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FIGURE 3. Isomorphism classes of one edges n-trees are parametrized by sta-
ble unordered 2-partitions o = {Sy, 52} of {1,...,n}.

Keel’s Theorem. Introduce commuting indeterminates D,, indexed by stable unordered
2-partitions o of {1,...,n}. Consider the ideal I,, C C[(D,),| generated as follows:

(1) for each (i,7,k,1) € {1,...,n}* set

Rijw =Y Dy— Y D, €l; (B.1)

ijokl kjTil
(2) if o and 7 are such that ijokl and ij7kl for some (i, j, k,1) € {1,...,n}*, then set
D,D, € I,. (B.2)

Theorem B.1. We have an isomorphism of rings
Cl(Dy)ol /I = H* (Mg, C) = A*(Mo,)c (B.3)
defined by

D, — dual of the closed cycle D(o).

In particular, all odd cohomology groups vanish.

Good monomials. Consider a stable n-tree 7. Any edge e € E. defines a stable unordered
2-partition o(e) of {1,...,n}: by cutting e, we obtain two trees, whose tails (halves of e
excluded) form the two parts of o(e).

For each stable n-tree 7, define the monomial m(7) := [[.c5 Dos(e)- This is a monomial

in C[(D,),] of degree |E.|. Monomials of this form are called good monomials.

Under Keel isomorphism (B.3), m(7) is the dual of the class [D(7)] € Ho(My,,, C). This
follows from the fact that boundary components intersect transversally.

Theorem B.2 ([Man99, Ch.III, §3.6]). Good monomials modulo I,, span C[(D,),|/I,. Equiv-
alently, the classes [D(7)] span Ho(Mo,, C).

Manin’s relations in higher codimensions. We need information about linear relations
among all good monomials of fixed degree, generalizing Keel’s relations (B.1).

Let n > 4, and 7 to be an n-tree. Given
(1) v € V, with valence |H,(v)| > 4,
(2) (i,4,k,1) € H.(v)* pairwise distinct half-edges,
set T := H,(v) \ {i,7,k,1}. For any ordered 2-partition oo = (77, T3) of T (the case T; = 0 is
allowed), we can define two trees 7/(a) and 7"(«), with |E.| + 1 edges each.

The tree 7'(«v) is defined by replacing the vertex v with a new edge e, at whose vertices
we have half-edges {i,7} U T} and {k, [} U T5, respectively.
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k i

FIGURE 4.

The tree 7"(«) is defined by replacing the vertex v with a new edge e, at whose vertices
we have half-edges {k, j} UT) and {i,[} U T3, respectively. See Figure 4.

For each system (7,v,1,J, k,l) as above, define the polynomial

R(r,v,i,j,k,1) ==Y _m(7'(a)) = m(7"(e)) € C[(D,)].

Theorem B.3. We have R(T,v,i,j,k, 1) € I,. Moreover, all linear relations modulo I,

between good polynomials of degree r+1 are spanned by all the relations R(T,v,1,j, k, 1) with
|E.| =r.

For a proof, see [Man99, Ch.III, Prop.4.7.1, Th.4.§].
Proof of Theorem 7.3. We are now able to complete the proof. Given potentials

. Mo .
Fy=> Y — g G €C =1 N, (B.4)
n=2 p1,..,pn=1 ’
equations (7.4) and (7.5) are
g =08, g, ,, =0 forn>0, (B.5)
Cﬁﬁpl...pncgéﬁ...n@ = Cg'ypl...pncgcin...fk’ (86)

Notice that the lower indices of the coefficients ¢’s can be arbitrarily permuted, i.e. ¢

is uniquely identified by « and the set {p1,...,p,}. We need to prove that the potentials
F* are of the form (7.3) for a unique existing tree-level F-CohFT (cg11)n>2. We first prove
the uniqueness, and hence the existence of such an F-CohFT.

Uniqueness. Assume there exists a tree-level F-CohFT (cg,,41)ns2 such that!!

n+1
Vv
/ coni1 | € @ QR ep | =it ., (B.7)
Mont1 i=2

for any 1 < p1,..., pne1 < N and any n > 1. We claim that it is then possible to compute

the numbers
n+1
/ Co7n+1 6'\51 & ® epi s (B8)
D(7) i=2

HEor later notational convenience, we slightly changed the labelings: o — p; and p; — p;y1, for i =
1,...,n.
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1 To

FIGURE 5. Two stable 8-trees 71 and 7.

for all stable (n + 1)-trees 7. The homology classes [D(7)] span Ho(My,11,C), by The-
orem B.2. Hence the datum of all possible numbers (B.8), for fixed indices p1,...,pni1 €

{1,..., N}, uniquely defines the cohomology class cg 5, +1 (6:)/1 ® ®?:+21 €p,) as linear functional

on H.(Momﬂ, C). In other words, if we are able to compute all possible numbers (B.8),
then any F-CohFT (cop41)n>2 satisfying (B.7) is unique.

Given 7, the number (B.8) can be computed as follows, by iteration of the gluing property
(4) of F-CohFT’s. Denote by v, € V, the vertex of 7 such that 1 € S.(v,), i.e. at which
the tail 1 is attached. Orient the edges e € E, in such a way that v, becomes an “attractor”.
In this way, at each vertex v € V; \ {v,} there is a single edge with outward orientation, all
other edges being with inward orientation. At v, all edges are inward. Denote by E(v) the
set of inward edges at v, and by E°*(v) the set of outward edges at v.

Consider now the following monomials attached to 7. Each such monomial is product of
coefficients ¢’s in (B.4). In total we have |V,| factors ¢’s, one for each vertex v € V,. An index
which is repeated inside the monomial (once upper and once lower) is said to be saturated.
The factor corresponding to v € V. will have a total number of indices (upper and lower)
equal to |H,|, i.e. in bijection with half-edges. We will have

(1) a total number of |[E2"(v)| € {0, 1} upper saturated indices,
(2) and a total number of |E™(v)| lower saturated indices,
(3) a total number of |S,(v)| lower indices selected from (p1,. .., pni1).

The saturation of indices is dictated by edges: indices labelled by two halves of the same
edge are saturated (one is up, the other is down). Non-saturated indices are dictated by the
sets Sy (v): the factor corresponding to v € V; will have lower indices p; with ¢ € S;(v). The
vertex v, is the only vertex whose corresponding factor ¢ has upper index p;.

The number (B.8) equals the sum of all such monomials, over all possible values (ranging
in {1,..., N}) of all saturated indices, according to Einstein’s summation rule. For example,
if n =7, and 7y, 75 are the graphs of Figure 5, then

8
Vv P, o B )
/ €08 | €py ® ® €pj | = CpsaBCpaps C5Cpsps Cpapm
D(m1) j=2
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FIGURE 6. On the left (resp. right), we draw the two graphs 7/(«) (resp.
7"()) which contribute to the Lh.s. (resp. r.h.s.) of equation (B.9) in the
case v = ,.

P10 8 )
/ 0,8 p1 2 ® €pj | = Cpsa P7PGBC’Y(SCP2PSC,03P8
D(T2)

This is just an iteration of gluing rule (4) of an F-CohFT, which can be seen as a special
instance of computation of (B.8) for a one-edge (n + 1)-tree. This proves uniqueness.

Existence. In the previous part of the proof, we described an algorithm. For any fixed
p=(p1,--.,pns1), the algorithm associates with any stable (n+1)-tree 7, a complex number
Y,(7) € C, a polynomial expression in the coefficients ¢’s in (B.4). If we show that all linear
relations between the homology classes [D(7)] are preserved by the map 7 — Y,(7), then we
would have a well-defined linear functional

)7,,: H,(Mgny1,C) = C, D(1) = Y,(7),
i.e. a cohomology class. This would lead to a candidate as F-CohFT,

n+1
Co,n+1 - V* X V®n — H*® (mo,n+17 C)a (627/1 ® ® em) = Y/
=2

Indeed, the properties (1)-(3) of F-CohFT for cg,+1 would follow from the symmetry of
chl oy, in the lower indices, and equations (B.5), (B.6). Also, the gluing property (4) would
follow from the definition of the numbers Y, (7). This would complete the proof.

By Theorem B.3, it is then sufficient to prove that, for any fixed system (7,v,1, j, k, 1), all

the relations R(7,v,1, j, k,[) are preserved by Y, i.e.
D V(T () = Y, (7(B)). (B.9)
a 5

The trees 7/, 7" are obtained from 7 by replacing the vertex v € E,. with an edge. There
are many ways to do this, labelled by 2-partitions of H,(v). They induced a 2-partition of
i,7,k,l. We put on the Lh.s. of (B.9) those which split {4, j, k, [} in two pieces {7, j} [ [{k,(},
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and we put on the r.h.s. of (B.9) those which split {4, j, k, [} in two pieces {k, j} [[{7,(}. The
remaining partitions do not contribute.

We have in total 2° possible cases to consider, according wether v coincides with the
marked vertex v, or not, and wether each of ¢, j, k,[ is an edge or a tail.

Consider for example the case in which v = v, and each of ¢,7,k,[ is a tail. In the
Lh.s. of (B.9) we have the contributions coming from two possible graphs, according to the
resulting position of the distinguished tail labeled by 1. Analogously, in the r.h.s. we have
the contributions coming from two graphs. See Figure 6.

Equations (B.9) thus reduces to an identity of the form

P A P A _ P A P A
Z <ijpj)‘-'-0/’k/)l--~ + szlcpzAn-CPin~~> - Z (ijl'pw\---cmpz--- + ijpl)hucpkﬁj‘“) ’
a B
where dots stand for all possible partitions of indices, induced by « and 3. Both red terms
and black terms in this equation cancel, due to equations (B.6).

The reader can check that all other 31 possible cases can be handled similarly. One can
always recognize in equation (B.9) a linear combination of identities (B.6), whose left and
right sides correspond to the inserted edge in 7/ and 7", respectively.

This completes the proof.
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