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Abstract

In this thesis we study deformations of functions on singular varieties with
a view toward Frobenius manifolds.

Chapter 2 is mainly introductory. We prove standard results in deformation
theory for which we do not know a suitable reference. We also give a construction
of the miniversal deformation of a function on a singular space that to the best
of our knowledge does not appear in this form in literature.

In Chapter 3 we find a sufficient condition for the dimension of the base
space of the miniversal deformation to be equal to the number of critical points
into which the original singularity splits. We show that it holds for functions
on smoothable and unobstructed curves and for function on isolated complete
intersections singularities, unifying under the same argument previously known
results.

In Chapter 4 we use the previous results to construct a multiplicative struc-
ture known as F-manifold on the base space of the miniversal deformation. We
relate our construction to the theory of Frobenius manifolds by means of an
example.

The appendix is joint work with D. Mond.
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Chapter 1

Introduction

This thesis is devoted to the study of germs of functions on singular varieties.
The main aim of this work is to produce a natural singularity theory framework
in which to find Frobenius manifolds.

Frobenius manifolds. Frobenius manifolds were defined by B. Dubrovin
around 1990 in his work on Topological Field Theories (amply summarised in
[11]). They are complex manifolds with at least! three extra data in the tangent
bundle:

1. Each tangent space T),M is a commutative and associative algebra with
unity. These pointwise multiplications glue together to yield a holomor-
phic tensor x: O X ©pr — Ojr on the sheaf of sections on the tangent
bundle. The local unities are also required to glue together to yield a
global vector field.

2. A flat metric compatible with the multiplication, more precisely, a non-
degenerate symmetric tensor <, >: @y x Oy — Oy with zero curvature?
such that

<U*xv,w >=< U, vxw >

3. At each point p, a holomorphic function germ &, whose third derivatives
in flat coordinates define the multiplication. More precisely, for any three
flat vector fields u,v and w

(wow)(®p) =< u* v, w >

The germ ®,, is usually referred to as the (local) potential of the Frobenius
structure. It is unique up to addition of quadratic polynomials.

The potential is undoubtedly the most mysterious of all three elements making
up the definition. It was however one of the early objects of research that led
to the concept of Frobenius manifold. Suppose for a moment that, at a point

IThe original definition required that the global unit should be flat and the existence of a
distinguished vector field E that rescales both the multiplication and the metric, in the sense
that Lieg(x) = d - x and Lieg(<,>) = D- <, > for constants d, D € C.

20r equivalently, a subsheaf @%’“ C O of linear subspaces defining an integrable distri-
bution such that ©f2t @ Oy = O
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p € M, we are given a germ ® and flat coordinates (x1,...,2;,). As <,> is
non-degenerate, we can define the product x by the formula

FoRg 0 o 0

=<k, >, 1 <4, 5 <m.
O0x;0x 0y, Ox; Oz; Oxy J

Whereas the commutativity of the product so defined can be read off as the
equality of the mixed partial derivatives, the associativity becomes a non-linear
system of partial differential equations:

T T S T S
Bxiaxjaackg 0x10Tm 0Ty axjaxmaxkg 0x10x;0x,,

These equations had been introduced previously by R. Dijkgraaf, H. Verlinde, E.
Verlinde ([8]) and, independently, E. Witten ([40]) in the context of Topological
Field Theories. The definition of Frobenius manifolds is therefore a coordinate-
free description of the above equations.

Although originating from in Mathematical Physics, Frobenius manifolds
now occur in different and seemingly unrelated branches of mathematics: most
remarkably in Quantum Cohomology and Singularity Theory, but also in Inte-
grable Systems, Symplectic Geometry and others. In Quantum Cohomology the
flat structure is rather trivial: the underlying manifold M is simply the total
cohomology ring H*(X,C) as a complex vector space and the bilinear pairing
is given by Poincaré duality. On the other hand the construction of the poten-
tial, and hence the product, requires a formidable amount of machinery in the
form of moduli spaces of curves and Gromov-Witten invariants. In Singularity
Theory the situation is exactly the opposite. Whereas the multiplication is de-
fined straightforwardly, the existence of a metric with the required properties
requires sophisticated techniques of algebraic analysis and variations of mixed
Hodge structure. For function-germs on smooth spaces, it was first conjectured,
and proved in some cases, by K. Saito ([32]) and by M. Saito [33] in general.

F-manifolds. As indicated above, the multiplication in the case of the
miniversal unfolding of an isolated singularity is obtained in a rather straight-
forward manner. It is natural to study it on its own without any reference to
the metric. This study appears for first time in the joint work of C. Hertling
and Y. Manin ([18]) and it is further pursued by the former in the first part of
his book [19]. They define the notion of F-manifold as a manifold M with a
multiplication x in the tangent bundle satisfying the following condition for any
two vector fields v, w € ©;:

Lieysy (%) = u Lie, (x) 4+ Lie, (x) x v

To explain the meaning of this condition, we need to explain in more detail how
the multiplication is defined in the case of unfolding® of isolated singularities.
Let f: (C™*1,0) — (C,0) be a germ with an isolated singularity. If F': (C"*1x
(C*,0) — (C,0) is a miniversal unfolding of f, the initial velocities of F' respect
to the parameters of the deformation form a basis over C of the Jacobian algebra

3Unfolding and miniversal unfoldings always refers to respect to the right equivalence of
germs.



of f,ie.,

oF OF
(C < a—tl(m,()),,a—tu(m,()) >= O(C,()/ (

af af )

dz1" " Dangs

The algebra structure on the right hand side is pulled back to define the mul-
tiplication at least on ToCH. If we choose appropriate representatives of all the
germs involve, say F': X — S for F and g: X — B for the projection on the
parameter space, we can sheafify the above isomorphism
0 OF

Op > 8_m — a_tl € 9:Osr. (1.1)
where X7, denotes the relative critical locus of F'. As the restriction g: £ — B
is finite, the variety ¥% is a complete intersection and hence g.Osr is a free
Op-module of rank y. The morphism 1.1 is then an isomorphism of free sheaves
and defines a multiplication in ©;. The key point is to note that if d denotes
the differential respect to the parameter ¢, the map X% — T*M defined as

Z% > (ﬂf,t) = (t7d(w,t)F) € Tt*M

embeds X% as a Lagrangian subvariety L. Let w: T*M — M the canonical
projection. It is easy to see that the composition

PF ~
GM — Q*Oz; — W*OL

is just induced by the evaluation map ©p; — Op«pr. Moreover, F thought of
as a function on L satisfies
dF = OélL

where « is the canonical 1-form on the cotangent bundle. At a point ¢ such
that F'(—,t) has only Morse singularities at points, the Lagrangian property
of L is equivalent to the critical values of F' defining a coordinate system in a
neighbourhood of ¢.

If M is now a manifold with a multiplication on the tangent bundle, the
variety L can be defined as the subset of T*M consisting of 1-forms that are
C-algebra homomorphisms from T, M onto C. If near a point p € M, there exist
a frame of vector fields ey, ..., e,, such that

€; * €; = §ij €;
then the following statements are equivalent:
1. L is Lagrangian

2. there exist a coordinate system (uq,...,u;) such that B%i = ¢; for all
t=1,...,m

3. for any u,v € O, Lieysy, (¥) = u Lie, (%) + Liey (x) v

The last condition is then taken as the definition of F-manifold even if the frame
of idempotent vector fields ey, ..., e, does not exist. In this case, it still ensures
the integrability of certain multiplicatively closed distributions in the tangent
bundle.
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Description of results. We now describe briefly the main results in this
thesis. We wish to generalise the above construction to the case of germs of
functions defined on singular varieties. We consider a function germ f: (X,0) —
(C,0) with an isolated singularity, i.e., away from 0, X is smooth and f is a
submersive. An unfolding of f in this situation is an extension of f to the total
space of a (flat) deformation of (X,0), that is, a commutative diagram

(X,0)C d (%,0)
\ /
(C,0) g flat
{0} (B,0)

The conditions on f and (X,0) ensure the finite dimensionality of the space
of first order infinitesimal deformations T)l( c and hence the existence of ver-
sal deformations. If ¢ = (F,g): (X,0) — (C x B,0) denotes the miniversal
deformation with base space B, the corresponding Kodaira-Spencer map

p(0)p: ToB — Ty ¢

though an isomorphism, cannot be used to induce a multiplication on Ty B for
T4 ¢ is not an algebra (unless of course (X, 0) was smooth). Instead we consider
the module Ly, of liftable vector fields

Lx/po={u € Opo: I U € Oxp such that tg(i) = uo g}

For a liftable vector field u, we can differentiate F' with respect to a lift 4. As
two different lifts differ by a “vertical” vector field (denoted by ©x,5,0), we have
a map:

F*Oc
— . = ,0
tF(©x/B0) ’

In chapter 2 we characterise versal deformations of f as those whose fibration
g is versal as a deformation for (X,0) and t'F is surjective. We then prove
standard results of deformation theory for which although they are in some
sense standard, we do not know a suitable reference.

For a miniversal deformation, the map ¢'F induces the algebra structure of
M, on the module Lx,po. If the generic fibre of g was smooth, at points
p € B outside the discriminant Ay and the singular locus of B, we would
have L/, = O, and the sheafified ¢'F would have the chance to define a
multiplication at least on ©p_a,. In chapter 3 we isolate a sufficient condition
for the isomorphism t'F' to extend to an isomorphism of sheaves in the case where
B is smooth: if the generic fibre of g is smooth, and any vector field tangent to
the fibres of f can be extended to a vector field tangent simultaneously to the
fibres of g and F', then t'F extends to an isomorphism of free sheaves

t'F: ﬁ}.‘/B,O —

t/FI ﬁ%/B — Q*Mso

As a consequence we see that the number of critical points of F' on the smooth
fibre, say 1, and the dimension of the base space of the miniversal deformation,



7, are equal. We also see that, if Lx,p coincides with the sheaf ©(log Ay) of
vector fields tangent to the regular part of the discriminant, then A, is a free
divisor.

The above extendibility condition is trivially satisfied if (X,0) is a curve
(the fibres of f are just points). Note that we need both the base space B
and the generic fibre to be smooth. This happens, for example, if (X,0) is a
curve in (C3,0) or a Gorenstein curve in (C*,0). The equality of u and 7 was
first proved by D. Mond and D. van Straten in [27] and the freeness of the
discriminant by the latter in [38]. We also show that the extendibility condition
holds true for functions on isolated complete intersection singularities. In this
case, the equality p = 7 is due to V. Goryunov [15] and the freeness of Ay to
K. Saito in the hypersurface case and E.J.N. Looijenga [24] in general. In both
the case of functions on smoothable curves and functions on isolated complete
intersections we show that

1= dime _wWxo0
-1

df A%

where wx o denotes the dualising module. In the case of isolated complete inter-

section, we use a result of D.T. Lé to express p as certain vanishing homology:

if X3 is a Milnor fibre of g and Y; that of f, then

w=rkH, 1(X,Y5)

In chapter 4 we show that the multiplication so defined in Lx,p satisfies the
integrability condition and hence at least in B — A, we obtain the structure of
F-manifold. In fact we show something else: if the generic singularity over the
discriminant is quadratic (something that holds both in the case of space curves
and complete intersections), then each stratum of the logarithmic stratification
of B associated to ©(log Ay) is an F-manifold. It is then natural to ask if it
is possible to define metrics that induce the structure of Frobenius manifolds
in the different strata. Although in general the algebras g.M, are not sum of
Gorenstein rings (a necessary condition for the existence of a non-degenerate and
multiplicatively invariant bilinear pairing), there is a case in which this is easily
seen to hold: if (X, 0) is a complete intersection curve, the module wx o/ Ox odf
supports such a bilinear form and so does its parametrised version. A choice
of generator for wx,p induces therefore the desired pairing on ©(log Ay) and
we conjectured the existence of a relative dualising form for which the induced
metric is flat. The evidence for this conjecture is compelling: the miniversal
base spaces of deformations of curves can be interpreted as partial closures of
Hurwitz spaces, and B. Dubrovin [11] show the existence of Frobenius structures
on those spaces. We prove it for the simplest case of all, namely, functions on
the double point xy = 0. This fact is well-known to specialists although perhaps
not stated in this context: for example, A. Douai and C. Sabbah show Frobe-
nius structures in the base space of the miniversal deformation of a Laurent
polynomial in several variables (see [10]).
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Chapter 2

Deformations of functions

In this first chapter we begin by introducing the standard definitions and no-
tations of deformations of functions on analytic spaces. We then review the
properties of the main tool to study deformations, the cotangent cohomology,
and use it to provide a method to construct the miniversal deformation of a
function with an isolated singularity. We end the chapter with some remarks
on finite determinacy of functions with isolated singularities on non-smooth
varieties.

Although most of the results included in this chapter are well known to
specialists, there are some that, to the best of my knowledge, do not appear in
this form in literature. These include the criterion for versality given in corollary
2.4.1 and the consequent construction of a versal (or miniversal) deformation of
a function on a singular space explained in section 2.5.

We work on the analytic category all throughout this thesis.

2.1 Definitions and notations

Let (X,0) be a reduced analytic space germ and let Ox ¢ denote the local ring
of analytic functions on (X,0). A deformation of (X,0) over (B,0) is simply the
realisation of (X, 0) as the fibre of a flat analytic map germ g¢: (X,0) — (B,0).
That is, a commutative diagram of analytic maps

(X,0)——= (X,0)

|

where 7 is an inclusion into the distinguished fibre of g and Ox ¢ is a flat Op o-
module. Note that we always denote by 0 the base point of any analytic space
germ. This should not lead to confusion.

If f € Ox, is an analytic function, a deformation of f is a deformation of
(X,0), say g: (X,0) — (B,0), together with an extension F' € Ox ¢ of f.

As (X, 0) is assumed to be reduced, we can think of f as a map from (X, 0)
to (C, f(0)). Writing (S5,0) for the germ of the complex plane (C, f(0)), a

9
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deformation of f is then a commutative diagram
(X,0)C i (%,0)
\ /
(S,0) g

{Us (B,0)

where i: (X,0) — (X,0) is an inclusion and ¢ is a flat analytic map. The
space (X,0), resp. (B,0), is called the total space, resp. the base space, of the
deformation.

Given a deformation of f, we can consider the map

p=(F,g): (X,0) — (S x B,0)

and recover F' and g by means of the projections from (S x B,0) onto (S,0) and
(B,0) respectively. For this reason, we will call the pair (i, ) a deformation
of f. We will denote it simply by ¢ if the inclusion 4 is unambiguous. The
following diagram helps visualise the relations between the different maps.

)
T

{0}€ (B,0)

If (i',¢') is another deformation with total space (X,0) and base space
(B’,0), it is said to be induced from ¢ by U: (B’,0) — (B,0) if there exists a
map ®: (X,0) — (X,0) such that the following diagram is commutative:

’

g

(X',0) (B',0)
Pt
(X,0) ! (S,0) v
\ / g
(%,0) (B,0)

where ¢’ = (¢, F’). In terms of ¢ and ¢’, the above diagram can be expressed
as:

Doi =i

wod = (¥ xIgg) x ¢

If ¥ (and hence @) is an isomorphism the deformations are said isomorphic.
A deformation is called versal if any other deformation can be induced from it.
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Example 2.1.1. Let f: (C"*1 0) — (C,0) be a holomorphic function. As
(C"*+1,0) is smooth, any deformation of f is isomorphic to a deformation of the
form:
@ =F xIg: (C" x CLo)— (CxCo)
where F'(x,t) = f(z) + g(z,t) for some g € Ogn+141 o with g(z,0) = 0.
Another deformation:

¢ = F' xIcm: (C"T x C™,0) — (C x C™,0)

is induced from ¢ if there exist maps ® and ¥ making the following diagram
commutative:

((Cn+1 (Cm. (Cn+1 % (Cl )

\/

(Cc™,0) - (C',0)

and the restriction ®[(cn+1x0},0y is an analytic diffeomorphism of (C™+1)0).
Hence we recover the notion of unfolding and equivalence of unfoldings for the
right equivalence as described for example in [39].

Forgetting the functions f,F and F’ in the above definitions, we obtain
the analogous notions of induced, isomorphic and versal deformations for the
analytic space (X,0). Thus, from a deformation of a function f on an analytic
space (X,0), we can obtain a deformation of (X,0) just by ‘forgetting’ the
function itself. It is clear that this operation preserves isomorphism classes and
sends versal deformations of f to versal deformations of (X,0). This is just
an example of a much more general theory. We have considered deformations
of functions between (reduced) analytic germs but the same definitions also
work for example, in the algebraic setting. The deformation theory we have
defined is usually denoted by Def(X/S): deformations and isomorphism classes
of deformations have been defined by diagrams that do not alter the target space
S. This condition can also be relaxed. Given a map of analytic (or algebraic)
spaces, it is possible to consider up to six different notions of deformations
(and/or isomorphism classes). Each of them naturally forms a fibred category
and they are related by several functors that can be put in the vertices of an
octahedron (see [5]).

2.2 The cotangent complex

For any ring A, for simplicity commutative and noetherian, and for any A-algebra
B, there is a complex L /A7 called the cotangent complex, that plays an impor-

tant role in deformation theory (see [20] for a complete definition). If M is a
B-module, the cotangent cohomology modules are defined as:

T'(B/A; M) = H'(Homp(Lp 4, M))
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There is also an analogous homology theory but we do not define it as we will
not make any use of it.

Of special importance in deformation theory are the modules T%(B/A; M)
for i = 0,1,2. They can be computed from a truncation of L /A7 known as the
Lichtenbaum-Schlessinger complez, that we now describe.

Let us take a presentation of B by free A-algebras, i.e., an exact sequence:

RNy RN S

The free algebra F; contains the submodule R of relations between the genera-
tors of the ideal I, where Fy/I = B. Let Ry be the submodule of Koszul or trivial
relations. These are generated by the relations of the form dy(r")r — dy(r)r'.
We then have a complex:

L3574 R/Ro 2 Qg 25 Qppa — 0

where 2_,4 denotes the module of relative Kéhler differentials. The modules
T(B/A; M) for i = 0,1 and 2 are the cohomology modules of the dual complex
Homp (Ll%iA, M). For example:

T°(B/A; M) = Homp(Qp)4, M)
and T (B/A; M) is the cokernel of the map
Der 4 (Fy, M) — Homp(I/I1*, M)

Let us discuss briefly the role of these modules in deformation theory and
how they appear. Let (X,0) be an analytic germ in (CV,0) defined by the ideal
Ixo = (91,.--,91) C Ocng. A first order infinitesimal deformation of (X,0)
is simply a deformation over Spec C[e]/(e?). For such a deformation the total
space (X,0) is defined by an ideal

I:{)O = (91 + Ehl, e gl + €hl) (@ OcN,O[é]/(€2)

for some (h1,...,h) € Ocn o.

The flatness of Ox o over Cle]/(e?) means that it is possible to lift the re-
lations between the generators of Ix . That is, if r1,...,7 € O¢n ¢ are such
that:

rg1+...+rg9 =0

then there exist s1,...,s € O¢n o such that:
(r1+es1)(g1 +eh1)+ ...+ (r1+es;)(gr +ehy) =0

It follows that the homomorphism Ix g — Ox sending g¢; to h; is well de-
fined and induces a homomorphism of Ox g-modules Ix o /1)2(,0 — Ox,0. Re-
ciprocally, an element of Homoy ,(Ix.0/1%. o, Ox,0) defines a deformation over
Spec Cle]/(e?) and therefore first order infinitesimal deformations of (X,0) are
in one-to-one correspondence with the normal module

Homo . ,(Ix,0/1% 0, Ox.0)
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We now want to identify the submodule of Homoy ,(Ix,0/1% 0. Ox,0) that
corresponds under this identification to those isomorphic to the trivial deforma-
tion given by the product

(X,0) x Spec Cle]/(¢*) — Spec Cle]/(€?)

Such a deformation will be induced from an automorphism of
(CN,0) x Spec Cle]/(€?) and after a change of coordinates in CV, we can assume
that it is of the form:

x; — x; + edi(x)

where 2 = (1,...,2y) denotes coordinates in a neighbourhood of 0 in C¥.
Using the series development of g, ..., g; we see that the generators of I o
are:
o 9gi

9i(x) + ehi(z) = gi(z) + ()¢ (x)

€ ht-i2
= 833j
To describe the deformations that occur in this way, we notice that a derivation
D: Ocv g — Ox defines an homomorphism D: Ixo/I%, — Oxo. The
above equality shows that the isomorphism class of the trivial deformation is
represented by derivations. Hence the set of isomorphism classes of first order
infinitesimal deformations of (X, 0) is in one-to-one correspondence with

Homox,o (IX,O/I_%,O) OX,O)

THO G0 =
( X)O/ ’ X’O) DGY(OCN70,OX7O)

The module 72%(Ox,0/C;Ox ) is naturally encountered by investigating
when a first order infinitesimal deformation can be extended to a second or-
der infinitesimal deformation, that is, a deformation over Spec Cle]/(¢%). If
(X,0) — Spec Cle]/(€?) is a first order infinitesimal deformation of (X,0), any
relation (rq,...,7;) among the generators of Ix can be lifted to a relation
(r1+e€s1,...,r +e€s;) among the generators (g1 +€ha, ..., g1 +€hy) of Ixo. If R
denotes the module of relations between the generators of Ix ¢ and Ry the sub-
module generated by the trivial relations, a straightforward calculation shows
that the map

o: R/Ry — Ox,

defined by o(r1,...,1) = 22:1 s;h; is well defined and the projection (X,0) —
Spec Cle]/(€?) can be extended to a deformation over Spec C[e]/(¢?) if and only
if there exist hf,...,h; € Ocw~ ¢ such that

I
o(r1,...,m) = Zrih;
i=1

The last statement can be rephrased as follows: the module R defines a presen-
tation of the ideal Ix o:

0— R — Oy o 9, 1y 0

Note that R/Ry is naturally an Ox o-module so that we have a homomorphism
of Ox o-modules
R/Ry — OéNﬁ ® Ox 0
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The condition o(ry,...,r) = 22:1 rihj for some hf,...,h; € Ocn ¢ is equiv-
alent to the map o being zero in the cokernel of the Ox ¢-dual of the above
homomorphism. This cokernel is exactly 72%(Ox.o/C; Ox o).

It can be shown that the obstructions for a third order infinitesimal defor-
mation, that is a deformation over Spec Cle]/(€)3, to be induced from another
deformation over Spec Cle]/(€)* lies again in T?(Ox,0/C; Ox,). This justifies
referring to T2(Ox,0/C; Ox,0) as the module of obstructions.

Before going into reviewing the properties of the cotangent cohomology mod-
ules that will be used, we mention that for the case of a map between analytic
spaces f: (X,0) — (T,0), the cohomology modules T (Ox,0/Or,0; Ox o) Tesp.
T%(Ox,0/Or,0;Ox.0), also have an interpretation as isomorphism classes of in-
finitesimal deformations, resp. obstructions. The case where (T,0) is smooth
is specially simple. Let (7,0) = (C*,0) with coordinates (¢1,...,%z) and let
f=1(f1,--., fx). Embedding (X,0) as the graph of f and choosing a represen-
tative of f in OéN,O, say f, we obtain a commutative diagram

(CN x T,0) ,0)

\/
/\

and a presentation of Ox o as the quotient of a free Or g-algebra, namely:

OCN xT,0

Ox,0~0Org=
(G159 fi —t1, oo, o — th)

(if (T, 0) was not smooth, we would have to add generators for the ideal of (T',0)
to obtain the ideal of (T',0)). Let us introduce the following notation: for an
analytic space germ (A, 0) we write © 4 ¢ for the module of vector fields on (A, 0)
(C-derivations v: Q4,0 — Oa,) and for an analytic map h: (4,0) — (B,0),
we denote by ©(h)o the module of vector fields along h, i.e., C-derivations
v: Op,o — Oa,0. The tangent map of A is thus the map

th:@A,o — G(h)o
v — th(v): Opg>br—uv(boh)

Proposition 2.2.1. For (T,0) smooth, there is an identification

Homoy o (Ix,0/1% 0, Ox,0) © ©(f)o

T'(Ox,0/O1,0; Ox0) = Ox0

where each element v of the denominator is identified with (¢,,tf(v)) in the
numerator. Here ¢,(h + I)g(,o) =ov(h) + I% -

Proof. We show that there is a split short exact sequence

0 — O(f)o — Homoy (I 0/If ¢, Or,0) — Homo, , (Ix,0/1%,0, Ox.0) = 0
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The map on the left is given by the composition
O(f)o = O(p2)o @ Oro = Ocn w10 © Oro — Homor , (Ir,0/If o, Or,0)

To see that this map is injective, we take coordinates (¢1,...,tx) in (7,0). The
action of a derivation v = Zle ai% on the generators of It is given by

v(g;) =0fori=1,...,1
o(fj—tj) =a;forj=1,... k

so that v is zero if and only if a; € Ir for all j =1,... k.
Given a Or g-homomorphism ¢: Ity — Or, we define a homomorphism by
the composition

gr(f)”
e

* * 1 ¢
p1 [¢) (;50 gT(f) : IX,O p—1> IF,O — OF,O Ox)o

Such a composition is zero if and only if ¢(g;) = 0 for all 4 = 1,..., . If this is
the case, ¢ can be written as the homomorphism associated to the vector field
k
0
= i —li) 5
v=2 d(fi—t)g;

=1

This shows that the sequence is exact in the middle term. To conclude the
exactness of the sequence, we construct a left inverse of this homomorphism,
showing at once that the sequence is split. Let : IX70/I)2(,0 — Ox, be a
Ox o-homomorphism. We define @[NJ: Ip)o/II%)O — Or,o on the generators of It g
by

{ ¥(gi) = gr(f) 1 (¥(g:)
0

Y(fi —ti) =

and extend it by linearity. We need to check that 15 is well defined. For this, let
us consider a relation between the generators of It g in Ocn w10,

l k
D origi+ Y si(fj—y;) =0
i=1 j=1

Applying ¢ to the left hand side of the above equation, we see that ¢ is well
defined if

! !
> ri(g) =Y rigr(f) T (¥(g:)) =0 € Or
i=1 i=1
As gr(f)* is an isomorphism, this is equivalent to
!
> gr(f) (r)v(g:) =0 € Ox o
i=1

The left hand side of the above equation is equal to the image by ¢ of the image
by gr(f)* of the original relation, that is,

l k
0=(gr(f) O _rigi+Y_si(fi —vi)
i=1 j=1
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Finally, the action of the Or -derivations in ©Oc¢w~y7o on the module
Homoy. , (IF)Q/I%,O, Or,) clearly corresponds under the decomposition
Homoy ,(Ix,0/1%,0, Ox.0) © ©(f)o to that described in the proposition. O

The description given in preceding proposition tallies with the usual notation
used in the theory of unfolding of isolated singularities. If (X, 0) is smooth with

coordinates (z1,...,zy) and (7,0) is one dimensional, we see that there is an
identification
of of
THOx0/O1,0; O =0 — =
(Ox,0/O01,0: Ox,0) X’O/(Bxl’ ; 8%)

Therefore in this case T (Ox,0/Or,0; Ox,0) is just the usual Jacobian algebra. It
is this algebra that provides the multiplicative structure on the tangent bundle
of the base space of the miniversal unfolding of f. In the case of arbitrary
(X,0), the module T (Ox,0/Or,0; Ox,0) is not an algebra even if (T,0) is one-
dimensional. Instead, we have an exact sequence:

0— O _, T (Ox,0/Or,0;0x,0) = T'(Ox,0/C; Ox,0) =0

tf(©x.0)
This will be the crucial point to extend the multiplicative structure for defor-
mations of functions with isolated critical points on isolated singularities.

The above exact sequence can be derived from the standard properties of
the cotangent complex (and we will do so) which we now list. For proofs we
refer to [20].

Vanishing. If B is a smooth A-algebra then T¢(B/A; M) = 0 for i > 0 and any
B-module M.

Long exact sequence. It 0 — M’ — M — M" — 0 is a short exact sequence of
B-modules, there is a long exact sequence:

.. —=TYB/A;M') — T (B/A; M) — TH(B/A; M") —
— THY(B/A; M) — THY(B/A; M) — THYB/A; M) — ...

Base change. If B is flat as A-module and A’ is an A-algebra, then for any
module M’ over B’ = B ®4 A’ there is a natural isomorphism

TYB'JA';M") ~ T (B/A; M)
Moreover, if A’ is flat as A-module then for any B-module M,
TYB'/A';M @ B') ~T(B/A; M) ®p B’

Zariski-Jacobi sequence. If B — C'is a map of A-algebras and M is a C-module,
there is a long exact sequence:

.. = TYC/B;M) — T (CJ/A; M) — T (B/A; M) — T™H(C/B; M) — ...

Notation: Let f: (X,0) — (7,0) be a morphism of analytic spaces. We will
use the following notation: for a Ox o-module M, we will write:

Ty po(M): =T"(Ox0/Or0; M)
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If M = Ox, we will drop the module M:
;(/T,O 1 =T"(Ox,0/Or,0; Ox,0)
In the absolute case where T' = {0}, we write
T)igo(M): = T;(/LC(M)
And finally a notation we have already used, if (7',0) is smooth, we will write:
O(f)o: =T7o(Ox,0)

A last remark before going into the next section. There exists a global counter-
part to the theory of the cotangent complex. Enough to say that for any map
of analytic spaces f: X — T and any coherent sheaf M of Ox-modules, it
provides sheaves T, /y (M) whose stalks coincide with our local definitions.

2.3 The Kodaira-Spencer map and versal defor-
mations

Associated to a deformation g: (X,0) — (B, 0) of an analytic germ (X, 0), there
is a diagram of ring homomorphisms:

Oxo0—>Oxp

]

Opo—C
and a long exact sequence:
0—=T%/50—TRo— Tpo(Ox) = Tx/po— -

A derivation of Op can be composed with g*: Oy — Oz, to obtain a
derivation of Op o with values in Ox . This yields a map

wg: Opo — Tg,o((')ae,o)

The composition with the connecting homomorphism T3 ((Ox0) — Ty /B0
gives the Kodaira-Spencer map:

Px/B* Opo0 — Tale/B70
Reducing modulo mp o we obtain the reduced Kodaira-Spencer map:
Pae/B(O)i ToB — T)l(,o

This map interprets a tangent vector as the first order infinitesimal defor-
mation defined by ¢ in the direction of that vector. If a deformation is versal, it
must contain all the first order infinitesimal deformations so that its Kodaira-
Spencer map must be surjective. It is an essential result in deformation theory
that this is also a sufficient condition for versality. The infinitesimal-global step
is essentially the Malgrange’s Preparation Theorem (for example, [25], pg. 134).
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If (X,0) is an isolated singularity, the module T o is Artinian and hence a
finite dimensional vector space over C. Its dimension is called the Tjurina num-
ber of (X,0) and denoted by 7(X,0). A deformation whose reduced Kodaira-
Spencer map is an isomorphism is called miniversal. If (X,0) is unobstructed,
i.e. T o = 0, then all the first order infinitesimal deformations extend to actual
deformations and (B, 0) is the whole of (C*,0) with k = 7(X,0).

Note that by Nakayama’s lemma, the surjectivity of the px,p(0) is equivalent
to that of px,p, so that for a versal deformation, we have a short exact sequence:

0— Ta%/B,o - Ta%,o - T%O(Ox) - T31€/B,0 —0

and thus: . Tg)o((?x)
FBOT I (TR o — T 4(0x))

In the case where (B, 0) is smooth, we have the identification

1 _ O(g)o
X/B,0 L‘g(@x,o)

If f € Oxo is now an analytic function on a reduced analytic space, we
can assume f(0) = 0 and think of f as a map f: (X,0) — (S5,0) where
(S,0) denotes the germ of the complex plane (C,0). As usual, we can write
v =(F,g9): (X,0) — (S x B,0) and reason as above to obtain a map:

. 1
px/sxB: OsxBo — Tx/sxB,0

A derivation of Op induces a Og o-derivation of Ogxp,y. Composing with
px/sxp We obtain the Kodaira-Spencer map of the deformation ¢ as a defor-
mation of f:

px/B,F: OBo — Tglg/SXRO

Or reducing modulo mp o, we obtain the reduced Kodaira-Spencer map:

px/B,r(0): ToB — Tx /s

Note that the reduction of px /5% p module msx g 0 does not yield the reduced
Kodaira-Spencer map for the O-fibre of f as we have not assumed that f is flat.
Analogously to the case of analytic spaces, a deformation of a function is versal
if and only if its reduced Kodaira-Spencer map is surjective. We will prove this
statement in the next section, due in part to a lack of suitable reference, and
because we wish to put our main objects of study into the right framework.

2.4 Liftable and relative vector fields

From the very definition of the Kodaira-Spencer map, given a deformation
g: (%,0) — (B,0) we have a long exact sequence and a commutative trian-
gle:

OB,

wgl W* (2.1)

tg
0—— Ta%/B,o Ta%o Tg,o(oiﬁ) — 316/370 —_—
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where tg, resp. wg, is defined for v € O©x o, resp. for u € Op g, by the composi-
tion:

tg(v): Op,o g, Ozx.0 N Ozx,0 ,resp. wg(u): Opy SN OBy g, Ozx.0

If u € ©p g is in the kernel of px g, it follows from the exactness of the sequence
2.1 that wg(u) is in the image of tg, i.e., there exists &4 € ©x o such that
tg(@) = wg(u). In this situation we will say that @ is a lift of u and w is liftable.
We will call the kernel of px,p the module of liftable vector fields and denote it
by Lx,p,0- We then have an exact sequence:

0 — Lx/po — Opo — Tx/po

The kernel of tg corresponds to lifts of 0 € ©po; it is the Ox o-dual of the
module of relative differentials Qx,p5 9. We will denote it by ©%,p,o-

We now consider the case of a function f € Ox,. As usual, we assume
f(0) = 0 and think of f as a map f: (X,0) — (5,0) where (S,0) = (C,0). Let
F be an extension of f to (X,0) and write ¢ = (F, g) The ring homomorphisms
Op,0 — Osxp,0 — Ox,0 induce a long exact sequence:

0 —>T32/SXB,0 - 3%/370 - TsoxB/Bp(O%,O) - (2.2)
Tale/sXB,o - 31€/B70 - TéxB/Byo(O%,O) ..

Note that Ta%/sXB o = Ox/5xp,0 and similarly for Ta%/B o- On the other hand,

the diagram:
Os,0— OsxBo

]

C—0syo

induces natural isomorphisms T, /poM) = T¢ o(M) for any module over
OsxB,0- As (S,0) is smooth, T ;(Ox,0) = O(F)o and T¢ ,(M) = 0 for i > 1.
Hence the sequence 2.2 becomes:

0— Ox/sxB,0— Ox/B0 — O(F)o — Tale/SxByo - 315/3,0 —0

and we have an exact sequence:

©(F)o 1 1
tF(ex/Bﬁ) X/SxB,0 X/B,0

Notation. Given a deformation ¢ = (F,g): (X,0) — (S x B,0) of a function

f:(X,0) — (S,0), we will denote by M, o the module ©(F)o/tF(Ox/p,0). Note

that in the case of unfolding of isolated singularities, i.e., if (X,0) is smooth,

the module M, o is just the relative Jacobian algebra of an unfolding of f.

Lemma 2.4.1. Given a deformation ¢ = (F,g): (¥X,0) — (SxB,0) of f: (X,0) —
(S,0), there is a commutative diagram

Px/B

1 1
Tx/B,o —T%y

0——Lx/Bo O3B0

lt/F lpx/B,F

0 M0 Tale/sXB,o — Tale/B,o —0

I
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where t'F is given as follows: for u € Lx/p o, let & € Ox o be a lift of u. Then
t'F(v) is the class of tF () in My .

Proof. Tt is enough to check the commutativity for the first square, for the
second it clearly follows from the definitions. We first show that t'F is well
defined: if @’ is another lift of u to Ox o, then:

tg(a— ') = wg(u) —wg(u) =0

so that @ — @' € ©x/p . Hence tF(u) —tF (i) € tF(Ox/p)-
For the commutativity, we see that —tF(@) is mapped to the class:

—tF(4) + tp(Ox,0) = —tF (@) + tp(a) + tp(Ox,0)
= tg(a) + t(Ox,0) = wg(u) + tw(Ox.0)

= Pae/B7F(U)
O

Corollary 2.4.1. The Kodaira-Spencer map px,p,r s surjective if and only if
Px/B and t'F are surjective.

Proof. The surjectivity of px,p r clearly implies that of px,p. Hence the se-
quence on top in Lemma 2.4 remains exact if T’ 315’0 is replaced by 0. The Snake
Lemma shows that ¢’ F is also surjective. The other implication is analogous. [

By Nakayama’s lemma, an analogous result holds for the reduced Kodaira-
Spencer map. Note that the top exact sequence may no longer be exact after
reducing modulo mp . The reduction of #F modulo mp o will be denoted by
t'F(0).

We can now prove the versality criterion for deformation of functions with
isolated critical points on isolated singularities. We will say that a function
germ f on a analytic germ (X, 0) has a isolated singularity if (X,0) is reduced
and there exists a representative f: X — S such that X — {0} is smooth and
F is a submersion at any point of X — {0}.

Theorem 2.4.1. Let f: (X,0) — (5,0) be analytic function germ with an
isolated singularity. Then a deformation of f is versal if and only if its reduced
Kodaira-Spencer map is surjective.

Proof. Let ¢ = (F,g): (¥X,0) — (S x B,0) be a versal deformation of f. From
the definition of versality it follows that g must be versal as a deformation of
(X,0). We can then assume that g and F are of the form:

goxIek

g: (%,0) = (X x CX,0) (Bo x CX.,0) = (B,0)
where go: (X0,0) € (CN,0) — (By,0) is a miniversal deformation of (X,0), f
is an extension of f to (CV,0) and x = (z1,...,2x), Tesp. ¥ = (Y1,...,YK),

denotes coordinates in (CV,0), resp. in (CK,0).
Let h € Ox o be arbitrary and consider the deformation of f given by

x = (f +uh,p): (X xC,0) — (S xC,0)
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where p is the projection and u is a parameter in C. By versality, there exist ®
and ¥ making the following diagram commutative:

(X,0) x C 2 (Xo x CK,0)
w /
P (S,0) 9
(C,0) z (By x CK 0)

As p is a trivial deformation of (X,0) and go is miniversal, it follows that the
image of ¥ is contained in {0} x (C¥,0). Then ® is of the form:

(Gu(), U(u))

being ¢, (z) the germ of a family of automorphisms of (X, 0). In particular, the
tangent vector:
dou
du

u=0
belongs to ©x,p,0/mp,00x,p,0- It follows from the chain rule that
0

= LF(t®( —
u=0 t(t (au

_ O(f + uh)

h ou

)) (mod. mp ot F(O%/5,0))
u=0

Noting that the coordinate vector fields associated to (y1,...,yx) are liftable,
it follows that ¢'F(0) is surjective.

We now show the reciprocal statement, i.e., if the reduced Kodaira-Spencer
map of a deformation is surjective then the deformation is versal. Keeping the
notation above, if the reduced Kodaira-Spencer map of ¢ = (F, g) is surjective,
then g is a versal deformation of (X,0) so that we can assume that ¢ has the
same form as before, i.e., it is the product of a miniversal deformation of (X, 0)
with a smooth space. It is clear that any deformation of f can be induced
from one of the form F’ = f—l— h(z,u1,...,uk/) and the obvious deformation of
(X,0) with total space (Xo x CX',0) (as before go: (X0,0) — (Bo,0) denotes
a miniversal deformation of (X,0)). It then suffices to show that it is possible
to induce such a deformation from ¢. From a deformation of that form, we can
construct a deformation “sum”: the deformation of (X,0) is given by:

g1: (%1,0) = (X x CETE' 0) — (By x CE+E' 0) = (By,0)

and the extension of f defined by the sum F + F’ — f. Let us denote it by
X = (F1,91). We are going to show that it is possible to induce x from .
The key point is following lemma. For notational simplicity, we state it for a
coordinate vector field, but it holds for any liftable vector field that does not
vanish at the origin:

Lemma 2.4.2. Let (z1,...,2x) be a coordinate system in (CX',0) and u a
coordinate vector field, for example O If ' F1(u) = 0 then there exist ® and

Zgr
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WU making the following diagram commutative:

(X0 x CE+E" ¢ (%o x CEFTE'=1 ()

(By x CK+K ) (B x CE+K'=1 ()
Here Fi g+ stands for the restriction of Fy to the hyperplane section of (%1,0)
given by zx = 0.

Proof. The condition ¢'F;(u) = 0 means that for a lift & € Ox, o, there exists
@' = Ox,/p, 0 such that tF (@) = tF1(@'). Then @ = % — 4’ is another lift of u
such that tFy(a”) = 0. For zx small enough, we map a point (p, zx-) of a (small
enough representative of) (By x CKTX' 0) to y(—zk), being v the integral
curve of u with 4(0) = (p, zx+). This way we obtain ¥: (By x CK+K' 0) —
(Bg x CE+K -1 ,0). Analogously, integration along @’ gives the desired map ®.
The fact that @ i is a lifting of u gives the commutativity of the outer square
and tFy (") = 0 implies the commutativity of the inner triangle. O

We now go on with the proof of the theorem. By Malgrange’s Preparation
Theorem (for example, [25]), the surjectivity of ¢'F'(0) implies
5F1 oFy
Ox, 0=tk (@%1/31 ) + OCK+K/ 0 < 77— 8y 82/}{

so that we can write

OF, us OF,
=tF i\Y>
Do tFy(u) + ;a (y,2) m

for u € ©x,/p, 0 and a; € Ocxixr. Hence the vector field:

8zK/ Z ai(y, =

is liftable and does not vanish at the origin. Change coordinates so that the
above vector field is the last coordinate. Applying the above lemma we can
induce F} from Fj k. The theorem now follows from the obvious induction
argument. [l

We will call a deformation of f miniversal if its Kodaira-Spencer map is an
isomorphism. In this case the reduced Kodaira-Spencer map

px/p.r: ToB — T)l(/s,0

is an isomorphism of finite dimensional vector spaces. This dimension is called
the Tjurina number of f and it will be denoted by 7(X/S,0).
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2.5 Construction of versal deformations

According to the previous section, a versal deformation of a function with an
isolated singularity can be obtained as follows: as (X,0) is an isolated singular-
ity, we can take a versal deformation, say go: (X0,0) — (Bo,0). Let f be any

extension of f to (¥Xo,0) and consider the deformation ¢ = (f,go). Let Cyy,0
the cokernel of ¢’ f:

t'f
E%o/Bo,O - Mwoyo - C%oyo -0
As f is assumed to have an isolated critical point, the O x o-module

690070
m3,,0Cp0,0

is Artinian. Choose f1,..., fi € Ox o so that project onto a system of generators
over C of the above quotient. Then the deformation ¢ = (F, g) given by:

g =go xIgkg: (X0 x C*) — (By x CF,0)

Flz,y) = f(@) +yfi(@) + -+ yrfi()

is versal, where the extensions of the functions are understood. It is miniversal
if and only if the versal deformation (%X¢,0) — (Bo,0) of (X,0) is miniversal
and f1,..., fr project onto a C-basis of Cy,,0/mB,0Ce,.0-

2.6 Finite determinacy

We can use the ideas in the previous section to prove the results referring to
finite determinacy in the case of functions on isolated singularities.

Definition 2.6.1. Let (X,0) be an analytic germ with an isolated singularity
and fi, fo € mxo C Ox,o. We say that fi; and fo are right equivalent if there
exists an automorphism ¢: (X,0) — (X, 0) such that fo0¢ = f1.

A function f € Ox g is called right k-determined if for any h € m’;rol, f and
f+h are right equivalent. It is finitely right determined if it is right k-determined
for some k < oo.

The following theorem is the analogous to the determinacy theorem for func-
tions on smooth spaces ([26], [39]). It is also shown to hold for functions on
hypersurfaces in [9] with a different technique. It can also be deduced from the
results found in [4], although there the point of view is slightly different. We
focus on the non-smooth case.

Theorem 2.6.1. Let (X,0) be a non smooth germ with an isolated singular-
ity. Iftf(®x,0) D mlj(’o@(f)o then f is right k + 1-determined. Therefore if
f:(X,0) — (S,0) has an isolated singularity, it is finitely right determined.

Proof. Let h € m’jgfol and consider the deformation F': (X x C,0) — (.5,0) of
f given by
F(z,u) = f+uh
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and the projection g: (X x C,0) — (C,0). As (X,0) is non-smooth, any vector
field v € ©x ¢ vanishes at 0. Then for h € m’jgfol we have th(v) € m’;‘(}@(h)o
and for any ug € C

t(f +uoh)(Ox,0) + MK 1O(f + uoh)o = tf(Ox,0) + M1 O(f)o D mk 1O(f)o
By Nakayama’s lemma it follows
t(f +uoh)(©x,0) D m?m@(f + uoh)o (2.3)
Since the deformation g of (X, 0) is trivial, we have
Oxxc/c0 = Ox,0®ox, Oxxco

so that 2.3 implies
tF(O©xxc/c0) D m 0O(F)o

and in particular it contains h = tF(%). Then, according to lemma 2.4.2, it
follows we can find ® making the following diagram commutative:

) i (X,0)
F=f+uh /
(S,0)

(X xC,0

g
(C,0) {0}
and hence f and f 4 wh are right equivalent for any wu. O

Note that it is not clear which power of the maximal ideal is contained in
tf(©x,) for a k-determined germ f. It will depend on the vanishing order
at 0 of vector fields on (X,0). In the weighted homogeneous case we can say
something about this order. Recall that a germ (X,0) < (CV,0) is weighted
homogeneous if it can be defined by equations g1, ..., gr such that there exist
integers (called weights) w1, ...,wy and dy,...,d; such that for all ¢t € C

gt wy, . tONeN) =tV g (2, .. ay) for j=1,...k

Proposition 2.6.1. Let (X,0) a be weighted homogeneous isolated singularity
defined by g1,...,q with weights w; > 0. If f: (X,0) — (S5,0) is right k-
determined, then

tf(©x.0) > whgO(f)o

Proof. Let h = xlll e xl]{,v € m’;r(}. Then f and f + h are right equivalent so
that there exists an automorphism ¢: (X,0) — (X,0) such that fo¢ = f + h.
Applying to this equation the Euler vector field given by

0 0
E = wlxla—xl +...+waN% S @X7O

we obtain N
L 6(E) — B) = th(B) = (3 wilo)h
=1

As the weights w; are strictly positive, the result follows. O
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The following proposition will be used in Chapter 2 to characterise functions
with minimal Milnor number.

Proposition 2.6.2. Let f: (X,0) — (5,0) be a function with an isolated
singularity, (X,0) non-smooth and let oo = (f,g): (¥0,0) — (S x Bo,0) be
a deformation of f such that g: (Xo,0) — (Bo,0) is a miniversal deforma-
tion of (X,0). Let Cyy0 denote the cokernel of t'f: Lx,/p,0 — Mpoo- If
dime Cyy,0/MB,,0C0,0 = 1 then f is right 0-determined.

Proof. As (X,0) is non-smooth, any relative vector field v € ©%,/p, vanishes
at the singular point 0 so that 1 is a C-basis for Cy,,0/mp,0Cyp,,0. Accordingly
to the previous section, a miniversal deformation of f is given by

g=goxIcp: (X0 xC) — (By x C,0)
F(z,y)=f+y

Let h € mx o and consider the deformation of f given by f + uh on (X x C,0)
and the projection p: (X x C,0) — (C,0). As ¢ = (F, g) is miniversal, we can
find a commutative diagram

(X,0) x C 2 (X0 x C,0)
w /
P (S,0) g
(C,0) L (By % C,0)

and reasoning as in the proof of theorem 2.4.1, we see that ® is of the form
(¢u(x), ¥(u)) with ¢, an automorphism of (X,0). Hence

fodula) +¥(u) = f(z) +uh(x)

and as both f and h belong to my g, it follows ¥ = 0 so that f is right equivalent
to f + uh for all u. O
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Chapter 3

The Milnor number

In this chapter we investigate the relation between the minimal number of pa-
rameters to versally unfold a function (i.e. the Tjurina number of f) and the
number of critical points into which the original singularity splits (we will call
this number the Milnor number). We give a sufficient condition for those two
numbers to coincide and show that the condition is satisfied for the case of func-
tions on space curves (or more generally, smoothable and unobstructed curves)
and function on isolated complete intersection singularities. This provides a
unified treatment of previously known results. To finish we interpret the Milnor
number as the dimension as complex vector space of certain quotient of the
dualising module of the variety.

3.1 Milnor and Tjurina numbers

Given a deformation ¢ = (F, g): (¥,0) — (SxB,0) of a function germ f: (X,0) —
(S,0) with an isolated singularity, the module M, o was introduced in the pre-
vious chapter as
___O6F)
#0 T 1F(Ox/p.0)

As remarked before, if (X,0) = (C™,0) with coordinates (z1,...,z,), then
M, o is simply the relative Jacobian algebra Ocnxg,o/(g—i, s %—i). Its rank
as Opo-module is the so-called Milnor number of f, the module M o is free
over Op o and its rank equals the number of Morse critical points in a generic
deformation of f.

We begin with an example to show, that if (X,0) is a singular germ, the
rank of My is not in general independent of the deformation ¢ and it does
not necessarily coincide with the number of Morse critical points in a generic
deformation of f.

Example 3.1.1. Let us consider the function f = x¢+x1 + 22+ 3+ x4 on the
germ (X,0) of the cone over the rational normal curve of degree 4. The germ
(X,0) is defined by the 2 x 2-minors of the matrix

o 1 T2 T3
1 T2 T3 T4

27
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The base space of the miniversal deformation of (X, 0) has embedding dimension
4 and is given by the union of a 3-dimensional linear subspace B; and a line By
intersecting transversally (see [29]). Over Bj, the total space (X1,0) is defined
by the maximal minors of

o T1+t1 T2+t z3+i3
T T2 T3 T4

where (t1,t2,t3) are the parameters of the deformation. Let us consider p; =
(f1,01): (%1,0) — (S x B,0) the deformation of f defined by the extension f;
of f to (%1,0) given by the same linear function zg + x1 + x2 + x3 + 4. A
calculation carried out with SINGULAR ([17]) shows the following:

1. f has four Morse critical points on the smooth fibre of the map
g1: (X1,0) — (B1,0) whereas the dimension over C of M, o/mp, 0Mg, 0
is 10.

2. If ¢ 1 denotes the induced deformation over the line L; = {(¢1,0,0) € B}
then dimc My, , 0/mp, 0My, 0 = 4. Therefore M, | o is free of rank
4 over Or, 0. The same holds for the deformation induced over Ly =
{(07152, 0) € Bl} However, if Ly = {(070,153) S Bl}, then dim¢ Mwly&o/m[l&oM@LS’Q =
5

3. The deformation over Bs is defined by the 2 x 2-minors of the matrix

Zo T1 Z2
r1 To+S I3
X9 T3 Tq

In this case, the trivial extension f2 of f to (X2,0) has 3 Morse critical
points on a smooth fibre and dim¢ M, o/mp, 0M,,.0 = 3 so that M, o
is again free as Op, o-module.

In order to avoid the dependence of the dimension of M, ¢ on the deformation
of f we use the miniversal deformation of (X,0).

Definition 3.1.1. For a function f: (X,0) — (5,0) with an isolated singu-
larity and let ¢ = (F,g0): (X0,0) — (S x Bg,0) a deformation of f such that
go: (%0,0) — (Bo,0) is the miniversal deformation of (X,0). We denote by My
the Ox o-module
Mf = 7]\4@’0

mp,,0My0
Its dimension over C will be denoted by p(X/S,0) and called the Milnor number
of f.

As two extensions of f to (Xo, By) differ by an element of mp, ¢Ox, 0, this
definition does not depend on the choice of F.

The following theorem gives sufficient conditions for M, o to be free as a
module over the base space of the deformation and for its rank to coincide with
the dimension of the base space of the miniversal deformation of f.

Theorem 3.1.1. Let f: (X,0) — (S,0) be a function with an isolated singu-
larity and let ¢ = (F,g): (X,0) — (S x B,0) be a 1-parameter deformation of
f (ie., (B,0) = (C,0)). Assume that the following extendability condition is
satisfied:
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any relative vector field u € © x /5,9 can be extended to u' € Ox/5%B,0-

Then both Tale/SxBo and My o are free Op o-modules. Moreover, if T, = 0
and the generic fibre of g is smooth, then their rank is equal and hence

n(X/5,0) = 7(X/S,0)
Proof. Let y be a parameter in (B,0). The exact sequence
0— Oxo—% Oxo— Oxpo—0
induces a long exact sequence:
0— Ta%/SxB,o - Ta%/SxB,o - Ta%/SxB(OX,O)
- Tale/SxB,o e Tale/SxB,o S Tale/SxB(OX,O) —_ ...

It follows from the diagram

(X,0) (%,0)

1| |+

(5,0) —— (S x B,0)

that T%/SXB(OX,O) = T)Z(/S)O.

The map T§/5X370 — )O(/S,O is surjective as any relative vector field in
Ox/s0 = T?(/so can be extended to Ox/sxp0 = Ta%/sXB o- Hence the long
exact sequence 3.1 contains the exact sequence:

‘Y ‘Y
0— Tale/SxB,o - Tale/SxB,o - T)1(/5,0 - T32€/S><B,0 - T32€/S><B,0 —... (3.2)

This shows that T}.‘l/SxB,O N T%/SX370 is injective and hence T%/SX370 is flat
over Opo. As (B,0) = (C,0), freeness is equivalent to flatness. The algebra
M, o is a submodule of Tale/SxB,o so that is also free.

For the second statement, we first show that the condition 7%, = 0 also
implies T)z(/&O = 0. Associated to C — Ogo — Ox, we have a long exact
sequence:

- T)i(/s,o - T)i(,o - Tg(OX,O) - T)i;;kl&o BEE

As (S,0) is smooth, T&(Ox,9) = 0 for i > 1, so that T)i(/s,o =T fori>2. If
the generic fibre of g is a smooth, then T32€ /SX B0 is annihilated by a power of
the maximal ideal mp o, and hence it is Artinian. The exact sequence 3.2 then
contains the short exact sequence:

1 Yl 1
0— Tx/SxB,o - Tx/SxB,o - TX/S,O —0

It follows that rk T%/SX&O = dimg¢ T)lc/&o- To see that this is also the rank of
M, o we write one more exact sequence:

1 1
0— Myo— Tx/sXB,o —dx/Bo 0

and notice that T%/B,o is supported at 0. |
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Remark 3.1.1. Note from the proof that the extendibility of relative vector
fields is actually equivalent to the freeness of T x /SxB,0°

We briefly recall the notions of critical space and discriminant space of a
analytic map g: X — Y asin [24], Ch.4. Assume that all the fibres of g have
the same pure dimension n. Set-theoretically, the critical space Cy is the set
where either X is singular or g has a critical point (i.e. neither immersive nor
submersive). It is equipped with the following (possible non reduced) analytic
structure: assume that X C U c C¥ and let hy,. .., h; generators of the ideal
of X in an open subset U’ C U. The critical space Cy is endowed with the
analytic structure given by the ideal generated by the (N —n) x (N —n) minors of
the Jacobian map of (g, h1,...,h;). Assume now that g is finite when restricted
to Cy. The discriminant space A, is, set-theoretically, the image g(Cy) but
endowed with the analytic structure Op/Fo(9+Oc, ), where Fy(g.Oc,) denotes
the 0-th Fitting ideal of g.Oc,. The reason to consider these analytic structures
instead of those inherited from X and Y is that they are compatible with base
change, whereas the latter may not be.

In the local case, if g: (X,0) — (C*,0) has an isolated singularity, it is
always possible to choose a representative g: X — Y, such that g|c, is finite.
It then follows that the singular locus of Cy is of dimension < £ and in fact,
Cy — Xsing is of pure dimension k — 1. Moreover, if Cy — Xing is dense in Cy,
then the discriminant is a hypersurface (or empty).

We recall that an analytic space (X,0) is called unobstructed if TX0 =0
and smoothable if there exists a deformation with smooth generic fibre. Such
a deformation is called a smoothing. If an isolated singularity is unobstructed
and smoothable, it follows that both the base space and the generic fibre of its
miniversal deformation are smooth.

After all these general remarks, we go back to our study of deformations of
functions. We extract some corollaries from the previous theorem.

Proposition 3.1.1. Let f: (X,0) — (5,0) be a function with an isolated sin-
gularity and p = (F,g): (X,0) — (S x B,0) a deformation of f such that (B,0)
and the generic fibre of g are both smooth. Suppose that any relative vector field
u € Ox/g,0 can be extended to a relative vector field u' € ©x/sxp,o. Then

0— Mo — Tale/sXB,o - Tale/B,o -0

is a free resolution of T Bo 0S Op,o-module. As a consequence T Bo S
Cohen-Macaulay Opg o 0f imension dim B — 1 and the module of lzftable vector

field Lx g, is free.

Proof. We can choose a representative of g: X — B such that g|c, is finite.
As g is a smoothing, the discriminant A, is a hypersurface (or empty if (X, 0)
is smooth). We can then choose coordinates on B such that no coordinate
axis is contained in A,. For any of these axis [, the deformation induced from
the inclusion [ < B satisfies the hypothesis of the previous proposition. It
follows M, o and T %/5xB,0 AT€ free of rank p(X/S,0) and the sequence is a free
resolution. As Op, is a regular local ring, it follows from the Auschlander-
Buchsbaum formula ([13], Th. 19.9) that depthe,, , T, =k — 1 and hence

Tale /B0 is Cohen-Macaulay as Op, o-module.
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As Tale /B0 is Cohen-Macaulay of dimension dim B — 1, the fact that Lx,p
is free follows from the exactness of the sequence

0— Eg/B — 9%/3,0 — T%/B — 0
|

We recall that an analytic space X is called Stein if the cohomology groups
HY(X;F)=0foralli > 0and all coherent sheaf F. An analytic map g: X — Y
is called Stein if the inverse image of any Stein subspace is again Stein. The main
feature of such maps is that the direct image functor g, is exact. For functions
with isolated singularities, it is always possible to choose a Stein representative
([24], 8.3).

Corollary 3.1.1. In the conditions of the previous proposition, the Milnor num-
ber u(X/S,0) is equal to the number of critical points of F restricted to a smooth
fibre of g, counted with multiplicity.

Proof. Choosing a Stein representative of g, we have a short exact sequence of
sheaves of Op g-modules:

0— gMy — 9:Txsxp — 9:Tx)p — 0

If the fibre X, = g~ !(y) is smooth, then the dimension of the C-vector space
g+M /mpg. M, , is clearly the number of critical points of F'|x,, counted with
multiplicity. As g.M, o is free, the result follows. O

Given a hypersurface (D,0) € (B,0) defined by an equation ¢, we consider
the module of logarithmic vector fields along D defined by the condition

O(logD) ={u € ©p: ulh) e (h)}

It consists of those vector fields tangent to the regular part of (D,0) and it is a
reflexive module, i.e., isomorphic to its bidual. We refer to the original article
[31] for a study of these modules.

Corollary 3.1.2. In the conditions of the proposition 3.1.1, if the fibre X, =
g~ L(b) for generic b € Ay has only a quadratic singularity, then

ﬁ;{/B = @(log Ag)
As a consequence, Ay is a free divisor.

Proof. We have an inclusion Lx,p C O(logA,), as for a vector field to be
liftable it must be tangent to A,. An explicit (and easy) calculation shows that
Lx/pp = O(log Ay)p for those points b € Ay where Xj, has only one quadratic
singularity. Hence, if we write a short exact sequence:

0— Lx/p— O(logAy) —C—0

the module C is supported on a subset of codimension at least 2. Then Home, (C, Op) =
0 (this is easy, we refer to [24], Lemma 9.2, for an argument based on depth).
As Lx,p is free and ©(log A,) is reflexive, the result follows dualising twice
the above exact sequence. [l
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3.2 Functions on curves

The case where (X, 0) is a (reduced) one-dimensional space is specially simple:
if f is a function with an isolated critical point, the fibres of f are just points,
so that © x50 = 0 and the extendibility condition holds trivially. A function
f:(X,0) — (S,0) with an isolated singularity is just a finite map. If (X,0) is
unobstructed and smoothable, we have the equality

u(X/S5,0) = 7(X/5,0)

This is the main result of [27], first conjectured by V. Goryunov in the preprint
versions of [16]. The definition of the Milnor number in [27] is a priori different
from ours. The authors defined the number 1(X/S,0) in terms of the dualising
module wx g.

For a Cohen-Macaulay variety (X,0) of dimension n embedded in (C¥,0),
the module wx o is defined as:

_ N—n N
wx,0 = Bxto [ (Ox.0, 2w o)

where Qfy ; denotes the module of Kéhler N-forms in (CV,0).

If ¢ = codim (X,0) = N —n, the ring Ox ¢ has a resolution by free Ocn -
modules of length c:

M. M: M
0—>FC—>...—2>F1—1>F0:OCN’0—>OX,0—>O

Applying Homo_, | (—, QgN o), we get a free resolution of the dualising module
wx,o ([13], Cor. 21.16):

Mt M, Mt
0> Fy —%...—SF' | —SF'-wxo—0

A n-form o € QgN o can be multiplied with

1
ngl/\.../\nd

to obtain an element of:
FC* = HOIH(QCN’0 (Fc, QCN70)

This element represents a class in wx,o. It can be shown that this yields a map,
known as the class map ([2]):

. n
cl: QX,O — WX,0

Remark 3.2.1. For curves there is another interpretation of both the dualising
module and the class map, in terms of meromorphic forms (see [6]). Although it
will not be used until the next chapter, we briefly recall it here. Let n: (X,0) —
(X, 0) denote the normalization of (X, 0) (here (X,0) denotes a multigerm), and
Qﬂ(*) denotes the module of meromorphic forms on (X, 0) with poles at most

at n=1(0). Then

wx,0 = {a € n.Qxg(+): Z Resz(hon)a=0V h e Ox,o}
zeNn—1(0)
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Here Res, is the usual residue of a meromophic form at the smooth point x €
n~1(0). The class map in this context simply interprets a holomorphic 1-form
as a meromorphic 1-form.

The Milnor number of f: (X,0) — (S, 0) according to D. Mond and D. van

Straten ([27]), is
WX,0

Ox odf

It clearly coincides with the Milnor number as defined previously in the case
of smooth (X,0). The authors of [27] show that for (X,0) unobstructed and
smoothable:

pares (X/S,0) = dime

:quS(X/Sa O) = T(X/S’ O)

It follows that in this case it indeed coincides with p(X/S,0). This in particular
holds for the case of space curves, i.e. curves (X,0) < (C3,0). Such a curve
is a Cohen-Macaulay space of codimension 2. As such, there is a resolution by
Ocs p-modules of length 2:

0—)F2£?F1£7F0:OCS,O—>OX70—>O

where tk F5 = [ — 1, rk I} = [ and the entries of A are given by the maximal
minors A; of M obtained by deleting the i-th row (see [7]).

Deformations of Cohen-Macaulay varieties of codimension 2 are studied in
[34]: if dim(X,0) =n < 3, they are smoothable, their miniversal deformations
have smooth base space and their total space is defined by the maximal minors
of a perturbation of the matrix M.

It is proved in [27] that the image of the dual of the class map:

Cl*: wx,0 — @X7O

is generated by the vector fields defined by:
0 0 0

dr1 dry  Owg
0A;  0A, 04
Oy Owy  Org
aA;  0A; 0N
8331 8332 8333

, 1<i<yj<li

and the Milnor number can be computed by differentiating f with respect to

those vector fields:
Ox,0

W;(,o(f)

The next propostion shows that in fact the right hand side of the above equality
is Mf:

n(X/S,0) = dime

Proposition 3.2.1. For a function f: (X,0) — (5,0) with an isolated singu-
larity on a (reduced) space curve,

Ox,0

My = o)
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Proof. Let go: (¥0,0) — (Bo,0) = (C*,0) be the miniversal deformation of
(X,0) and consider the relative dualising module wx,/p, o defined analogously
to wx,o as

Wx4/Bo,0 = EXt?DC“kﬁ (0360,0; Q%3+k/(ck7o)

We also have a resolution of Ox, o by free Ogs+r p-modules:

~ 7 ~ A ~
0— FQ % F1 — Fo = OC.‘H—k,O — 0%0,0 —0
and a relative class map:

Claeo/Boi Q350/130 — Wx,/Bo

given as before, but using the relative differential dx,,, instead of d. Note that
both the resolution of Ox, 0 and cly, /g, become the corresponding objects for
(X,0) taking modulo mp, .

As the class map cl is an isomorphism if the curve is smooth, both the kernel
and cokernel of clx,,p, are supported on a subset of codimension at least 2. The
dual cly g, is therefore an isomorphism ([38]):

% ~
Wxo/Bo,0 — 9360/8070

We now use an explicit calculation like in [27] to compute the image of
cly, /B, Given M, we consider the map:

I /\2 Fl i FQ
whose entries are the (I —2) x (I — 2)-minors of M. The composition:
/\2F1 L Fg i Fl

maps the generator e; A e; € Azﬁl to the Koszul relation Aiej — Ajei. The
cokernel of T' is then the module H; = R/Ry of relations among A; modulo
Koszul relations.

On the other hand, we have the map A2M: A2F, — A2F) and the complex:

~ 217 ~ ~
0— A2E, XM 20 LB S H =0

This complex is exact (see [27] and the references therein). In particular H; is
Cohen-Macaulay and torsion free.
Note that the composition:

MR DB R

is zero modulo Ay, ..., A;. On the other hand, applying Hom(—, Ox, ) to the
free resolution of wx,/p, 0, we obtain the dual w;O/BO o as a kernel:
* n M_F
0— Wxy/Bo,0 Fro® O:{O’O — N ® O%Q,O

It follows that the map I' factorises through Wk, /Bo,0" The cokernel of I injects
into H; and it is supported on the critical locus of gg. As H; is torsion free, it
follows we have a surjection

: A2F®Oxp0 — Wy /B0 — 0
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Back to the class map, it is now possible to carry out an explicit description
of ©x,/B,,0 using the image of the generators of A F) ® Ox, 0 in w;()/BO o- For
a relative differential a € Qca+x /cr o, the element

1 ~ ~
50[ A de/BOA A\ de/BOM

is interpreted as an element of FQ* ® Q%3+k/ck,0 representing a class in wx,/g,,0-
Fixing a relative volume form dz; A dxa A dxs, we can think of ¢ € wx,/B,0
as a vector field in ©x /g, 0 that acts as:

0 0 0
¢(C1360/Bg(d$1))8—m1 + ¢(clx, /B, (d@))a—m + ¢(Clxo/Bo(d$3))a—%

For the generators e; A e; of w;O/BO o and a € Qg /p,,0, We have (summation
understood over the repeated indexes):

1 ~
F(ei A ej)(Clxo/Bo (OZ)) = 50[ A\ dxo/BoAp A dxo/Bo (MS)FZ

where Ffj denotes the I — 1 minor of M obtained by deleting the i-th and j-th
rows and the k-th column.
The relation A, M}; = 0 implies

dxy/BoDp A dyyyp,(MPTE) = dxy 5o Ap A dxyyp,(MP)TE; (mod (Ay, ..., Ap))
and from M}:I‘fj = Aiéf — A;6?, it follows that
dxo/BoAp A dxy by (MPTY;) = 2dx, 5, A5 A dxy A
Finally we obtain:
D(ei A ej)(clxyp, (@) = a A day/p,Ai A dyy 5D
so that Ox,/p, 0 is generated by the vector fields:
0 0 0

dr1 dry  Oxg
0N, 0A; 0A;
8x1 8952 (95C3
OA;  0A; 0A,
8.111 8.1?2 8.1?3

L 1<i<j<l

and My is:

O(x1,z2, 23

Ox,0/({ 1< i<j< 1Y)

O

Finally, we remark that the Cohen-Macaulay property of Taleg /Bo,0 for space

curves is also proved in [38]. As a consequence, the author deduces that the
discriminant Ay is a free divisor, for the generic singularity over A, is a local
complete intersection.
Unfoldings of functions on space curves have been studied in [16]. The author
classified all the simple functions according to (a priori) different equivalence re-
lation. We illustrate the construction of the miniversal deformation of a function
on a space curve with the following example.
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Example 3.2.1. Let (X,0) € (C3,0) be the union of the three coordinate axis
defined by the equations

Ay = zow3 Ag = x173 Az = 2122

which are the maximal minors of the matrix

xr1T X2 0
0 T2 X3

The vector fields extendable to the versal deformation are given by

9 9 91192 9 9319 9 9
8.111 8.1?2 8333 8.111 8.1?2 8333 8.111 8.1?2 8333
0 I3 xo |’ 0 I3 xo |’ T3 0 T
T3 0 1 To 1 0 T2 1 0

Modulo the equations of (X,0) they become (up to sign)
0 0 5 0 5 0

T3—, Lo, 17—
3(95C3, 25;102’ 135C1

Any function that is non-constant on any branch of (X,0) can be written as
f(z1, 2, 23) = 2§ + 24 + 2% for some p, ¢ and r. Hence

_ r—+1 q+1 p+1
My = Ocs o/ (x223, v123, T122, 725", qrg” ,pri” )

so that u(X/S) = 7(X/S) = p+q+r+1 and a C-basis of My is given by
Ly, ...,28 zo, ... 2l xs,...,25. To construct the miniversal deformation of
f, we first take the miniversal deformation of (X,0). Such a deformation is well-
known: the total space (X¢,0) is the 5-dimensional variety in (C%,0) defined by
the maximal minors of the matrix

(G i %)
B y+ty =z
and g: (X0,0) — (C3,0) is the projection of the parameters (a,3,v). The

discriminant is defined by the equation A : afy = 0 and a free basis for ©(log A)
is given by

which lift to
0 0 0 0

0
O3 a—a,ﬂfla—xl-f-ﬁa—ﬁ,mza—@ +’78—7,

r3— t+«
Differentiating f with respect to these vector fields we get the terms x¥, 22, 2%
so that the miniversal deformation is given by the function

F= 2 4a, 127"+, +aix+
ad 4 byl L bt
xh + cr,lxg_l + ... +cizs+d
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3.3 Functions on isolated complete intersection
singularities

The next proposition computes the relative vector fields for a function on a
isolated complete intersection singularity. It will follow that in this case the
extendibility condition is satisfied.

Proposition 3.3.1. Let f: (X,0) — (5,0) be a function with an isolated singu-
larity on a complete intersection (X, 0) defined by a regular sequence (hy, ..., hy)
in (CN,0). If f denotes a representative of f in Ocn o, the module ©x/s ¢ is
generated by the maximal minors of the matrix:

9 9
5%1 o 8xN
o oh
5%1 o 8xN
O oM
5%1 o 8xN
o o
0x1 oxnN

Proof. Consider the map:
= (f h,...,h): (X,0) — (C',0)
The module of relative vector fields ©x/s o is the kernel of the map of free
Oc¢n p-modules:
Ocn o ® Ox 2, Oci+1,0 ® Ox0
The ideal generated by the maximal minors of the Jacobian matrix of ® de-
fines the critical locus Cy = {0}. As (X,0) is a complete intersection, it is in
particular Cohen-Macaulay. Then:
n = Cy-depth Ox o

= codim Cy = dim (X,0)

=1k O¢n g —1kOc1t1 9+ 1
It follows that the Eagon-Northcott complex is exact ([12]) and thus the kernel
is generated by the above vector fields. [l

Note that those vector fields are always extendable. One might expect a
similar result to hold for a function f: (X,0) — (5,0) with an isolated singu-
larity defined on a Cohen-Macaulay space. If (X,0) is defined by hq,...,h; in
(CN,0), and dim (X,0) = n, the critical locus of f will be defined by the minors
of order N — (n — 1) of the Jacobian matrix of ® = (f, hy, ..., hg):

td
@CN7O & 035,0 — 9@1“70 ® 03570

The quotient ring O¢, would have a free resolution given by the generalisations
of the Eagon-Northcott complex (see [23] and [30]) if:

n = Cy — depthOx ¢ = codim C; =dim (X,0)
= (rk©¢w~ o — ord. of minors + 1)(rk ©¢i+: o — ord. of minors 4 1)
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ie. ifn=nn+1—-N+1). It would follow that N = n +1 and (X,0) is a
complete intersection.

We can use the same argument as that of the above proposition to compute
the relative vector fields of the miniversal deformation of (X, 0).

Proposition 3.3.2. Ifg: (X,0) = (C"*! 0) — (C!,0) = (B,0) is a deformation
of an isolated complete intersection singularity, then ©x /g o is generated by the
mazimal minors of

0 0
8—3;1 N 8an+l
991 991
Or1 T Ozngy
g1 ogi
8x1 o aanrl

Proof. The critical locus of g has dimension [ — 1 and is defined by the maximal
minors of tg: Ox 9 — Op,o ® Ox . Again:

Cy —depthOxo=codim Cg =n+1=(n+1)—-1+1
and the result follows from the exactness of the Eagon-Northcott complex. [

Corollary 3.3.1. For a function f: (X,0) — (5,0) with an isolated singularity
on a complete intersection of dimension n:

wx,0

M~ —20
T nany

Proof. If (X,0) < (C"*,0) is defined by a regular sequence g1, ..., g:

OX707 Q7L+l )

l
wX70 = EXtOC Cnti,0

n+lY0(
As g1, ..., is regular, the Koszul complex of g1, ..., g

0 — /\lOé:n_H’O — ... /\QO(IC»,Z_H’O — Oé:"+l,() — O(Cn-%—l’w — O

is a free resolution of Ox o as Ogn+i g-module, so that wx o ~ Ox,. On the
other hand, exterior multiplication with dg; A ... A dg; gives the class map:

. n
cl: QX’O — Wx,0

and fixing a volume form, we obtain an isomorphism:

n+l
an+l’0

® Ox,0 — wx,0
This ismorphism identifies the submodule df A Q’;(Tol with

8(fagla"'7gl) .

Oxo/(Gp a3t 1S <. <ima Sntl)
11yt M4

and the result follows form the previous proposition. O
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There is another remarkable interpretation of u(X/S,0). Recall that for an
isolated complete intersection the Milnor fibre, that is, the generic fibre of a
small enough representative of a smoothing of (X, 0), has the homotopy type of
a bouquet of n-spheres S™ V...V S™. The number of spheres occurring in the
bouquet is called the Milnor number (X,0) and denoted by u(X,0).

Note that that the O-fibre of f is again a complete intersection singularity,
say (Y,0), and f is a smoothing of (Y,0).

Corollary 3.3.2. For a function with an isolated singularity on an isolated
complete intersection singularity,

n(X/8,0) = u(X,0) + u(Y,0)

Proof. ([37] or [24] 5.11) Multiplying by some (C¥,0) both the total and base
space of the miniversal deformation of (X,0), we can obtain a miniversal defor-
mation of f. Denote it by ¢ = (F,g): (X,0) — (S x B,0). The key point is
that we can choose a representative of ¢: X — S x B such that the composition
with the projection S x B — B is a representative of g whose generic fibre is a
Milnor fibre of (X,0). As f has an isolated singularity, the line S x {0} intersects
the discriminant A, only at the origin. As ¢ is a versal deformation of f, it is
also a versal deformation of its fibre Y over the origin 0 € S x B and hence its
discriminant A, is reduced. The multiplicity of intersection of S x {0} and A,
is therefore given by:

OF,91,---, g1) , :
O —_— =2 1< < l
%70/({a($i1’ -7xil+1) S 1 < <41 = n+ y 91, 7gl)

and hence is equal to p(X/S,0).

For a generic y € B— Ay, the line S x {y} will meet A, at x(X/S,0) regular
points, one for each quadratic singularity of F' on X,. If (s,y) € S x B — A,
the fibre X, is obtained from Y , by attaching p(X/S,0) n-spheres. Therefore
the only (possibly) non-zero terms of the exact (reduced) homology sequence of
the pair (X,,Ys,) are:

o= 00— Hy(Xy) > Hoo1(Xy,Ysy) > Hoo1(Ysy) = 00—

have respectively ranks p(X,0), u(X/S,0) and u(Y;0) . The result then follows.
|

Remark 3.3.1. Note that the proof shows that pu(X/S) = Hp—1(Xs, Ys,y).
This can be understood as a generalization of the Milnor number of a hypersur-
face as the rank of the vanishing homology.

Corollary 3.3.3. Let f: (X,0) — (S5,0) be a function with an isolated singular-
ity on a complete intersection, go: (X0,0) — (S,0) the miniversal deformation
of (X,0) and f an extension of f to (%X0,0). The following statements are
equivalent:

1. o= (F = f+egoxIc): (X0 xC,0) — (S x By x C,0) is the miniversal
deformation of f,

2. f defines a quadratic singularity in (X,0),



40 CHAPTER 3. THE MILNOR NUMBER

3. there erxists an embedding (X,0) — (C"*1,0) such that (X,0) is defined
by e 224+ 22,1, p=p(X,0), and f is the restriction to (X,0)
of a function in (C™"*1 0) with g—gfl(()) #0

Proof. (1) & (2). According to the previous proposition and 2.6.2, ¢ is miniver-
sal if and only if
H(X,0) + (Y, 0) = 7(X,0) + 1

As p(Y,0) > 1 and p(X,0) > 7(X,0) (for example [24], pg. 174), the above
equation is equivalent to u(Y,0) = 1, which characterizes the quadratic singu-
larity.

(1) = (3). Let us embed (X,0) in some (C"** 0) by equations (hi,...,hg).
Again according to 2.6.2, if ¢ is the miniversal defined deformation of f, then f
is 0-determined, so that it can be seen as the restriction to (X,0) of a function
f in (C™**,0) whose differential df has maximal rank at 0. We can take coor-
dinates in (CV,0) such that f = z;. On the other hand, f defines a quadratic

singularity in (X,0), so that we can find coordinates (xa,...,Zp4x) in 1 = 0
such that
hi(0,22,. .., Tnyk) =a3+...+22
hQ(O, Lo, .. . ,xn+k) = Tn+42
hk(01x27' "7x’n+k) = $n+k
or equivalently, there exist functions h; with h}(0,z2,. .., Zn+k) # 0 such that
hi(z1,22,. .., Tpy) =R+ a3+ .. +22,,
ho(z1,22,. .., Tngk) = @2hG + Tngo
hi(z2, 2, ... Tpyr) = Th*R) + Tog
Then (21,...,Znt1,ha, ..., ;) form a coordinate system in (C"** 0) and (3)
follows.
(3) = (1) is an easy and direct computation. O

3.3.1 Milnor number as multiplicity of intersection

We have seen in the proof of 3.3.2 that u(X/S,0) is the multiplicity of inter-
section of the line S x {0} and the discriminant A,. In [4] the authors propose
different definitions of the Milnor number of a function on a singular variety as
multiplicity of intersections of some subvarieties in the cotangent bundle of C™**.
We want to end this section relating our definition to one of those numbers.

Keeping the notations used in the proof of the above theorem, let (L,0) the
germ of the cotangent bundle (T*C"*! 0) defined by:

(L,0) = {ae T*(C"*,0): afv)=0forallve O©x/Bo}

The differential dF' can be regarded as map between (C"*!,0) and the cotan-
gent bundle:
DF: (C"" 0) — (T*C™",0)

Let (DF(C"*!),0) denote its image. Then
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Proposition 3.3.3. u(X/S,0) is equal to the multiplicity of intersection of
(L,0) and (DF(C"),0).

Proof. The induced homomorphism DF*: Opucnit g — Ogn+i g is surjective
and sends the defining ideal Zr o to tF'(©x/p,). Therefore it induces an iso-
morphism:
OT*Cn+l’O ~ OC"'H,O
—
Iro tF(©x/B,0)

From [14], Prop. 7.1, the left hand side is the required intersection multiplicity
if (L,0) is Cohen-Macaulay and this is also proved in [4], Prop. 7.10. O
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Chapter 4

F-Manifolds

In this chapter we use the construction carried out in the two previous chap-
ters to endow the sheaf of liftable vector fields with a multiplicative structure
satisfying certain integrability condition. We then show that under reasonable
assumptions, each stratum of the logarithmic stratification defined by the dis-
criminant has the structure of F-manifold.

We finally defined a multiplicatively invariant metric in the case of functions
on complete intersection curves and illustrate the construction of Frobenius
manifolds in the case of functions on the double point.

4.1 The structure of F-manifold

We describe in this section the structure of F-manifold as defined in [19]. Let
M be a complex manifold of dimension n and ©); the sheaf of sections of the
tangent bundle T'M.

Definition 4.1.1. Let x: TM x TM — TM be an analytic tensor of type
(2,1) and let us write v * w for x(v,w). M is called an F-manifold if for any
open subset U C M and any u,v,w € Op(U), the following conditions are
satisfied:

1. Symmetry: uxv =vxu.

2. Associativity: (u*v)*w = u* (v *w).

3. Unity: There exists a global vector field e € © /(M) such that exu = u.
4. Integrability: Liey., (%) = Liey (%) * v 4+ u * Lie, (x)

The three first conditions make each tangent space T, M into a commuta-
tive and associative C-algebra with unity e(p). Then T,M can be uniquely
decomposed as a sum:

Qle...e QW

with the following properties (we refer to [19], Lemma 2.1):
1. Q;*Q{,:0fori7§j

43
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2. For each v(p) € T,M, the endomorphism v(p)x: Qi — QI has a unique
eigenvalue. The function \;(p): T,M — C that associates to each v(p)
that unique eigenvalue of v(p)x in Q; is an algebra homomorphism. More-
over, they are all the C-algebra homomorphisms onto C.

3. Each Q; is an irreducible algebra with unity e;(p), where

e(p) =ei(p) + ... + ey (p)
is the decomposition of e(p) according to that of T, M.

This decomposition is called the eigenspace decomposition of the algebra T, M.

In order to explain the meaning of the integrability condition we take co-
ordinates (y1,...,¥yn) in a neighbourhood U of p with % = e and write the
tensor * in those coordinates:

ayj ; K ayk
Let (y1,--+,Yn,01,--.,0n) be the coordinates induced by (y1,...,y,) on the
the restriction of the cotangent bundle 7% M |y;. The analytic subset L of T*M |y

defined by the ideal:
(01— 1,0,0; = > _ akid)
k=1

consists exactly of those 1-forms w that are C-algebra homomorphisms on each
T,M, q € M. As there are only a finite number of such homomorphisms, it
follows the projection 7w: L — U is finite. The restriction of the canonical map
Oy — 7 Op«ps to L induces an isomorphism of Oj-algebras Oy = m.Or
and the eigenspace decomposition at p correspond to:

(mOL)p @ Or.w

wenr—(p)

Taking small neigbourhoods of each w € 7~!(p) we see that, shrinking U if
necessary, the eigenspace decomposition at p induces a decomposition of T'M |
into subalgebras

1(p)

P w)

i=1
that coincides with the eigenspace decomposition at p. The integrability condi-
tion ensures that this decomposition is integrable ([19], Th. 2.11).

Although the decomposition induced by a point p on a neighbourhood U
is not necessarily the eigenspace decomposition at each point of U, this is the
case when the eigenspace decomposition at p consists of one dimensional linear
subspaces. In this situation, M is said to be semisimple at p. The integrability

condition is then equivalent to the fact that there exist coordinates (t1,...,%,)

in a neigbourhood of p such that the vector fields e; = % are idempotent, i.e.,

eixej=0e;ande=e; +...+ e,

Such coordinates are called canonical coordinates. The set of points where M is
semisimple is thus open. If it is not empty, M is called massive. The set of points
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where M is not semisimple is called the caustic and is a hypersurface (or empty)
([19], Prop. 2.6 although there the caustic is defined by means of partitions even
for the non-massive case). The next proposition gives an equation of the caustic
for a massive F-manifold.

Proposition 4.1.1. Let (y1,...,yn) be coordinates in an open subset U C M.
For each 1 <i,5 <n, consider the endomorphism (8%“ * %)*: TU —TU and
the matriz: ‘ ‘

0 0
A;ii = Trace((— x — )*
Then the determinant det(A) is a (perhaps non-reduced) equation of the caustic
K inU.

Proof. The matrix A represents the trace form written with respect to the basis

Biyﬂ ceey %, that is, for any pair of vector fields v, w in U,

vAw = Trace(v x wx)

Let UNK # () and take p € UN K. As T,M does not decompose into one-
dimensional (unitary) algebras, there exists a vector field v on U such that v(p) €
T,M is a non-zero nilpotent element, i.e., (v*...xv)(p) = v*(p) = 0 for some
k € N. Hence for any vector field w on U, (v+w)(p) is also nilpotent and all the
eigenvalues of the endomorphism (v*w)(p): T,M — T, M are zero. Therefore
v(p)A(p) = 0 and A(p) is degenerate from which det(A(p)) = 0 follows. The
reverse implication is obvious: for a semisimple algebra the matrix A cannot be
degenerate (just write it with respect to the basis of idempotents). O

For a massive F-manifold the integrability condition is also equivalent to
the analytic spectrum L being a Lagrangian subvariety of the cotangent bundle
T*M ([19], Th. 3.2, also [3]). Let 7: T(T*M) — T*M denote the canonical
projection and « the canonical 1-form on T*M given by

a(p,w) : T(p7w)T*M i C
o — w(u) where u = d(, ., 7()

For each p where M is semisimple, there exists a local function F on L, called a
generating function, such that locally, dF' = «|r,,,. Note that the isomorphism
of Ops-algebras O ~ 7.0 can be expressed by means of o as u — (@),
where @ denotes a lift of u to the tangent bundle of T*M. If F' is a generating
function, then F corresponds to a vector field E such that, on the semisimple
part,

Lieg(x) = d* for some d € C

A vector field on M with satisfying this equation everywhere is called an Euler
vector field of weight d. Such a vector field on M yields a holomorphic function
on L by a(E), which is generating function on the regular part of L. Thus Euler
vector fields are in 1-to-1 correspondence with holomorphic functions on L such
that dF' = a|r, on the regular part of L.

The main examples of F-manifolds are given by the miniversal deformations
of functions f: (C**1,0) — (C,0) with isolated singularities. If F' = f +y; f1 +
...+ yfi is such deformation, the map:

0 pr OF oF OF
Z1

(S — —— — €0cn1/(5—,. ..., 57—
CL,OB ayl 8y1 6 C + /(8 ’ 7a$n+l
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is an isomorphism. The algebra structure of the right hand side can be pulled
back making ¢« ¢ into a germ of an F-manifold. To see that the integrability
condition holds, we identify the analytic spectrum with the relative critical locus
of F' by means of the relative differential dFF = fidy; + ... + fidy::

r F

1% g—yl,,g—yl) Sx — dF(x) EQ(%:[’O

The versality of F' implies that for a generic point y € B, the eigenspace decom-
position of O(cn+1/(g—£, ce 8raf+1) is the sum of 1-dimensional subspaces, one
for each critical point of F(—,y). The multiplicative structure is then semisim-
ple and the above identification can be understood as dF' = a|1, on the regular
part of L. Hence (C!,0) is a germ of an F-manifold and the class of F in

(’)Cn+1/(3—£, ey 85:11) corresponds to an Euler vector field.

4.1.1 Multiplication of liftable vector fields

Let (X,0) be an smoothable and unobstructed singularity and f € Ox, a
function satisfying the extendability condition (3.1.1). For its miniversal defor-
mation ¢ = (g, F): (X,0) — (S x B,0), the associated map (see 2.4.1)

t'F: ‘C%/B,O — My o

induces a algebra structure in the module Lx,p,. For a Stein good representa-
tive of g, we can sheafify this map obtaining an isomorphism

t'F: Lx/p — g«My,
of free sheaves of Og-modules.

Proposition 4.1.2. The map t'F endows the sheaf of liftable vector fields Lx
with the structure of commutative and associative Op-algebra * such that, for
any u,v € Lx/p:

Lieyuy (%) = Liey (%) * v 4 u * Lie, (%)
The class of F' in g.M, corresponds to a vector field E such that
Lieg(x) = %

Proof. For a generic point y € B, the line S x {y} intersects the discriminant
A, at u(X/S,0) regular points, for the fibre X, = g7'(y) is smooth and F
restricted to X, has only Morse type singularities. Hence g, M, decomposes in
w(X/S,0) 1-dimensional algebras. To prove the proposition is then enough to
show that there exists a generating function locally around such a y. Let U be
neighbourhood of y such that:

g:g N U)YNC, — U

is u(X/S,0)-to-one covering. A calculation like that for unfoldings of functions
on smooth spaces (see [19], Th 4.20), shows that the map

g~ (U)NC, — T"Bly
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that sends a point z to the 1-form u — ' F(z)(u) identifies g~1(U) N C,, with
the analytic spectrum L|y and the 1-form

dFlg—l(U)ﬁ Co

with the restriction to L]y of the canonical 1-form o on T*B|y. The result then
follows for a generic point of B and hence everywhere and for any liftable vector
field. O

The previous proposition endows the complement B — A, with the structure
of F-manifold with Euler vector field E of weight 1. If we now suppose that for
generic y € Ay, the fibre X, has only one quadratic singulirity, then by 3.1.2,
we have

‘C%/B = @(log Ag)
The image of ©(log A,) in © g defines a distribution whose integral submanifolds
correspond to the logarithmic stratification of the discriminant A, (see [31]).
We now show that in fact, each stratum has such a structure. We first prove
the following lemma:

Lemma 4.1.1. For any ideal sheaf I C Op, the kernel of the map
E%/B/IEX/B — GB/I@B
is identified by t'F' with an ideal of g« M, /I1g. M.

Proof. We have maps between two free resolutions of g*Tal6 /B 88 Op-modules
(see 2.4.1):

Px/B

0—> La/p O P

lt’F lpx/s,p

0 ——>g«My — g*Tﬁle/SxB — g*Tale/B —0

I

where the second row is actually a complex of g,Ox o-modules. Hence
ker (Lx/p/ILx/p — ©Op/10p) = TOT?B (Q*Tale/Ba Op/I)
is mapped by t'F to the kernel of

9:My /19 My — Q*Tale/SxB/Ig*Talewa
and hence its an ideal. O

Theorem 4.1.1. If the generic singularity over Ay has only quadratic singu-
larities, then each stratum of the logarithmic stratification has the structure of
F-manifold with an Euler vector field of weight 1.

Proof. Let b € B and S the stratum in which b lies. Let V be a open neigh-
bourhood of b in which S, NV is an analytic subset of V' defined by the ideal
Ig,. The sheaf ©g,~y of sections of the tangent bundle of S, NV is naturally
identify with the quotient

im (/335/3|V — O5lv)
Is,im (L plv — ©glv)
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Let K denote the sheaf Tor{? (g*lee/B7 Op/Is,). The map t'F descends to the
above quotient and it yields an isomorphism of Og,ny-modules

~ g*Map|V
Is,g-Mylv +t'F(Kl|v)

Os,nv

According to the previous lemma, the right hand side is a Op-algebra. The
above isomorphism defines the multiplication on the tangent bundle of the stra-
tum Sp. From propostion 4.1.2 it follows that it is an F-manifold with Euler
vector field of weight 1 given by the class of F' in the corresponding algebra. O

An interesting consequence of the stratified structure of F-manifold in the
base space of the miniversal deformation is the following fact. Assume for a mo-
ment that M is a semisimple F-manifold with canonical coordinates (u1, ..., um)
and an Euler vector field E of weight 1. In the induced coordinates (u,d) =
(U1, .., Um, 01,...,0m) on T*M, the analytic spectrum is the smooth subvari-
ety

L= {(u,a) Nh+-+0n= 1,3¢8j = 5”&}
={(v,1,0,...,00} U {(u,0,1,...,0)}U---U{(u,0,...,1)}

As explained before, E corresponds to a function F' on L whose differential dF’
is the restriction to L of the canonical 1-form a. The 1-form « is written as

a=0iduy + -+ Opmdum,

Therefore, the condition dF = «|;, means that, up to addition of constants, the
canonical coordinates are the values of F' on the points of L lying over u.

Corollary 4.1.1. If the stratum Sy is a massive F-manifold, then the critical
values of F are generically local coordinates on Sy. In particular, this always
holds on the stratum B — Ay.

Remark 4.1.1. 1. Off Ay, the set of points where the critical values of F'
are not local coordinates is the bifurcation set, that is, the set of points
where F' has a non-Morse singularity.

2. In the case of space curves, that the critical values of F' off the bifurcation
diagram are local coordinates is shown for simple functions in [16]. The
author also conjectured an equivalent result for non-simple functions.

4.1.2 Meromorphic multiplication

It is possible to extend the multiplication meromorphically as follows. If § is an
equation for the discriminant A of g, then there exist m € N such that

0MOp C Egg/B
For v,w € ©x,p we define
vkw =6 2"{(6™v) * (6™w)}

To compute the order of the poles of the multiplication in the case where the
generic singularity over the discriminant is a quadratic singularity, we first look
at a linear section of the A;-singularity.
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Example 4.1.1. Let X: = {2} +--+22,, =0 and f the restriction to X of
the linear function z1 4 - - - 4+ x,,+1. The miniversal deformation of f is given by
g=(23+-+22,,,¢): C""? — C? and the function F = 21 + - + 2,41 + C.
We use coordinates (e, ¢) in the base space C?. The module M, is

(g, f)
M, = Ocn+2
o= Ocms /(8(x1,...,3:n+1,c)
:Ocn+2/(3}1—332,31‘1—333,...,%1—JIn_H)

The liftable vector fields are generated by e% and %. A lift of the former is
271z, 8%1 + .o Tt %ﬂ) and the multiplication table is given by:

0N, (D) _nt10
“De “9¢) T T4 ‘e
e = unit
In order to reduce the general case to that of the previous example, we also
need a slight modification of Th. 2.11 in [19].

Proposition 4.1.3. Assume that Lx,p can be decomposed as a sum N1@ Na of
multiplicatively closed submodules with unities e1 and es respectively. Then ey
and es are nowhere vanishing and, if N1 defines a distribution, it is integrable.

Proof. The decomposition N; & N, induces a decomposition of g.M, as a sum
of algebras whose unities are given by ¢'F(e;). If at a point y € B, e;(y) = 0
then we must also have €;(x) = 0 for a lift &; of e; at any point € C, N X,
where X, = g~ !(y). Hence tF(&;)(x) = 0 for all z € C, N X,. On the other
hand t'F(e;) is the unity of N;, so that there exists 2’ € Cy, N X, such that
tF(é;) = 1+ tF(u) for some u € Ox,p .. But this is impossible because the
point 2’ is either a singular point of X, and then u(z) = 0 or a smooth point
of X, in which case F|x, would not have a critical point. This proves the
first assertion. Assume now that N7 defines a distribution. According to the
Frobenius Integrability Theorem (for example, [36], Th 6.5), to show that Ny
is integrable is enough that N7 is closed under the Lie bracket, i.e., for any
v,w € Ny, we have [v,w] € Ny. Let e; and ey be the unities of Ny and No
respectively and v = v1 + vy € 535/3 with v; € N;. Write e = e; + e3. Then

exv = (e1 +e2)*(v1 +v2) =v1 + Vo
from which follows that e is the unity of ©(log A) and the endomorphisms
eix: Lx/p — Lx/B

are the projections associated to the decomposition N; & Ny. For v,w € Ny we
have:

0 = Lieeywo(*)(e2,w) = eg x Lie,(x)(e2,w) + v * Liee, (x)(e2, w)
= exx ([v,e2 xw| — [v, €3] xw — [v,w] *x e3)
+o (%62, 6]2 *w] — ez, ea] *w — [e2, w] * €2)

Therefore [v,w] € Nj. O
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Proposition 4.1.4. If the generic fibre over A4 has only quadratic singularities
and § is a reduced equation of Ay, then

E%/B*@B C @B
For any v,w € Op,d(vxw) € Op

Proof. Let v € Lx/p and w € Op. If vxw is holomorphic outside a set of
codimension > 2, then it is holomorphic everywhere. As v x w is holomorphic
outside Ay, it is enough to check that v x w € ©p in a dense open subset of
A,. At a regular point y € A, the fibre X, = g7!(y) has only one quadratic
singularity at, say xo € X,. Let x1,..., 2, € X, —{xo} be the critical points of
F|x,—{«o}- The stalk (g.My), decomposes as a sum of algebras with unity

Bim1 Moo, ® Moz,

that induces a decomposition N & N2 of ©(log A,), into multiplicatively closed
submodules with unity. If y is sufficiently generic, we can assume F'|x, has non-
degenerate singularities at zi,...,x, and it is the restriction of a submersive
function to (X, zo). Then the unities of N; do not vanish, and therefore Ny
generates a subbundle of T'B that, according to the previous proposition, is
integrable. Let then (y1,y2,...,yx) be coordinates adapted to the subbundle
Ny in the sense that aiﬁi = 3,...,k generate N;. As a%i are tangent to Ag,
it follows the germ of ti{le 0 at y is a function depending only on y1,yo. After a
new change of coordinates involving only y; and y2, and renaming again these

new coordinates (y1,...,yx), we can assume that A, is defined by y1 = 0 near
1. Then we need to check that
0

0
—1) * (y15—) = y1u € Op and

This follows from the calculation carried out in the previous example. [l

4.1.3 A non-isolated singularity: Mirror of P

So far, we have defined an F-manifold structure on the base space of the miniver-
sal deformation of a function with an isolated singularity satisfying the ex-
tendibility condition. There may be situations in which even if the miniversal
deformation might not satisfy the extendibility condition, it still holds for some
particular deformations. We illustrate here how to use the construction in the
previous section to obtain F-manifolds with an example relevant in Mirror Sym-
metry.

Let X be the variety in C**! consisting of the union of hyperplanes defined
by the equation xg...x, = 0 and consider the function f = xzo + ... + z,.
The map g(z) = z¢ ... =, can be regarded as a deformation of X with smooth
generic fibre. The sheaf of liftable vector fields is freely generated by u = yai,
where y denotes a parameter in B = C. A lift is given by the Euler vector ﬁefd

*-L i+ + i
u—n+1 $06$0 xnaﬁn
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As X is a homogeneous free divisor, the sheaf of logarithmic vector fields is
freely generated by 4 and:

oz , 09 O dg 0 o

0
—for1<i<n

v = = 20— —
! g ‘0x;O0ryg Oxo Ox; 0 9z0 'Oz,

The vector fields v; are clearly tangent to all the fibres of g whereas u is
tangent only to the fibre g~'(0). It then follows that v; generate Oc¢nt1/p.
Differentiating f with respect to v; we find

O(jn+1
{xog—zi:1<i<n})

My,g) ~

is a free sheaf of Op-modules of rank n + 1 and a free basis is given by
1, f, f2,..., f*. We also see that:

¢ f(u) =tf(@) = (n+1)7"f (mod tf(Ocn+1/p))

Then, if we consider n new parameters ys, ..., ¥y, and rename the old y as yi,
the function:

F(,y2, - yn) = [+ 42>+ + ynf"
together with the family:

G(may27y3) = (g(x)7y27 s 7y77«)

has the property that ¢'F is an isomorphism between the modules ©(log Ag)
and G*M(Rg).

Remark 4.1.2. It is somehow striking that the powers of f generate M as an
Op-module. Let us consider the fibre X; : zg...x, = 1. Then f is a Morse
function on X7 in the strict sense, that is, all its critical points Py, ..., P, are
non-degenerate and the critical values are distinct. Then if Jy p, denotes the
jacobian ideal of at P;, we have an isomorphism

OXl,Pi

9 M(s,9)/mB,0g9:M(s,g) — Bilo T

given by evaluation at the critical points. If we consider the deformation

then the partial derivatives g—i evaluated at the origin (yo, ..., ym) = 0 become

by the above isomorphism n + 1 (n + 1)-tuples of complex numbers. The deter-
minant that tests their linear independence is the van der Monde determinant
of the critical values of f. Hence F is versal (assuming that infinitesimal versal-
ity implies versality in this semi-local case) precisely because f is Morse in the
strict sense.

4.2 Frobenius manifolds

Definition 4.2.1. A Frobenius manifold M is an F-manifold together with a
bilinear form g: TM x TM — Op satisfying:
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1. Symmetry: g(u,v) = g(v,u) for any u,v € ©p.
Multiplication invariant: g(u*v,w) = g(u,v*w) for any u,v,w € O 5.

Flatness: The Levi-Civita connection V associated to g is flat, i.e., V2 =0

- W

Potentiality: If A(u,v,w) = g(uxv,w), the tensor VA is symmetric in all
four arguments.

Remark 4.2.1. The last condition is equivalent to the existence of a local
potential at any p € B, that is, a function germ ®, € Op,, such that for any
u,v and w with Vu = Vv = Vw = 0, we have

wow(P,) = glu*v,w)

The bilinear pairing ¢ is usually called a metric. In the case of unfoldings of
singularities on smooth spaces, the existence of a pairing with those properties
has been established in [33] after a conjecture of K.Saito ([32]), who also proved
it for some cases. It is a deep result based on the study of the Gauss-Manin
system associated to the singularity.

The existence of a bilinear pairing with the properties described above im-
plies that the algebras T,M are Frobenius, and in particular, if irreducible,
Gorenstein. ([22]). In the case of functions on isolated singularities, we do not
know if M, is Gorenstein. However there are some very special cases in which
they trivially are, namely, the case of functions on complete intersection curves
and hypersurface sections of a general complete intersection.

4.2.1 Functions on curves

Let (X, 0) be a curve singularity. The following construction is taken from [28].
Let 2x,0(*) denote the module of meromorphic differentials with poles at most
at the singular point 0. The residue of w € Qx o at 0 is defined as

1

Reso(o{): :% ox

where 0X denotes the boundary of a representative of (X, 0) such that w con-
verges on X — {0}. If Ox o(*) denotes the total ring of fractions of Ox o, we
obtain a pairing, also denoted by Res, by defining

Ox.0(*) X Qx.0(*) 3 (h,w) — Reso(hw)

The dualising module wx o is naturally identified with the orthogonal space to
Ox o respect to this pairing (cf. [6] and [35], IV.9)

wx,0 (’))l(’oz ={w € Qx,(*): Reso(hw) =0 for all h € Ox}
and with this identification we also have (see [28])
W)lgo =0Ox,

Let now f: (X,0) — (S,0) be a function with an isolated singularity. As f is
not constant on any branch of (X,0), we have an isomorphism

Ox0(*) L Qx0(%)
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whose inverse we denote by multiplication by 1/df. Composing with the residue

pairing we obtain a symmetric bilinear form U: Qx o(*) x Qxo(x) — C given

by

W12
df )

that we can restrict to wx,o with the above identification. As w}m = Ox,0, it

follows that ¥ descends to a well-defined and non-degenerate pairing

U(wi,we): = Resg(

wX,0 wX,0
<, > — X — — C
Oxodf  Ox odf

In the case where (X, 0) is a complete intersection defined by (g1, ..., g,) in
(C"*+1,0), exterior multiplication with dg; A ... A dg,, defines an isomorphism
(see 3.3.1)

wXx,0

Ox odf

and fixing a volume form on (C"*!,0) we obtain a non-degenerate bilinear
pairing on M. For a fixed volume form V, the pairing can be written as

~ n+1
~ Mf ®Ocn+l QLC"‘“,O

hih
My x My 3 (hy, ha) — 172

(w1:~~~7wn+1)

where dg1 A ... Adg, Na=V.
The above construction can also be carried out in a family.
If (F,g): (%X,0) — (S x B,0) is a deformation of f: (X,0) — (S5,0) we obtain a
pairing
Wx/B,0 Wx/B,0
<, >:
Ox,0dF  OxodF
We need to justify that this pairing indeed maps to Op . The following lemma is

a modification of the standard argument of the Milnor fibration of a hypersurface
singularity (for example, [21], Th. 4.1.7).

— OB

Lemma 4.2.1. Let g: X — B be a good representative of a deformation of
complete intersection singularity with (X,0) = (C"** 0) and (B,0) = (C*,0).
Let w € wx/po and let v, C X, = g 1 (y) be a family of n-cycles depending
continuously on y € B and such that v, N Cy = O for all y € B. Then the

function
I =
) L w

Y

is holomorphic.

Proof. First we note the condition v, N Cy = @ implies that I(y) is well defined;
it is continuous as the family of cycles depends continuously on y.

Write g = (g1,...,9x) for the components of g and let m;: C¥ — CF~% be the
projection onto the first k — i components of C*¥. By Sard’s theorem, the set
of points y € B such that m;(y) is a regular value of m; o g for all i is open
and dense. Let y = (y1,...,%x) be such a point and denote by X,
the fibre (m; 0 ¢)~(y1,...,yrx_:). By constructing a tubular neighbourhood of
X(y1,oynipr) inside X ), we obtain the Leray coboundary operator

Oit1: H”+7;(X(yl’~~~ayk—i)) - ”+i+1(X(y1,~~~,yk7i—1) - X(ylw'"ykfi))
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The operator d; and d;4+1 can be composed via the homomorphisms in homol-
ogy induced by the inclusions Xy, . 4. . ) — vet) = Xy,
Iterating Leray’s residue theorem we obtain:

s Yk—io1)*

.....

1 Ik

/ w=— Nw =
Yy 270 gy, 9k = Yk

_ # / 9k A Jk—1 Aw —
(279)2 Jsy60, Ok — Yk Gk—1 — Yk—1

1 gk g1
= W / — AL A — A w
m Sp-6161yy 9k — Yk 91—

For ¢ in a small enough neigbourhood of y, we can assume that 0y, - - - 81017y, =
Ok - -+ 01017y so that we can see the above integral as a family of forms varying
holomorphically respect to y along a fixed cycle. Therefore it is holomorphic
near y and continuouos everywhere, so that it is holomorphic. O

Let (X, 0) be a complete intersection curve and (F, g): X — Sx B a represen-
tative of the miniversal deformation of f: (X,0) — (S,0), such that g: X — B
is a good representative and the boundary 90X does not intersect the critical
locus of ¢ = (F,g). A choice of a generator of wy,p yields an identification
g+My, ~ g.(wx/p/OxdF). The pairing <,> can be pulled back via the iso-
morphism t'F: O(log A) — g, M, to define a non-degenerate, multiplicatively
invariant bilinear form on G (log A).

4.2.2 Functions on the double point

The aim of this section is to show the existance of a Frobenius structure on the
base space of the miniversal deformation of a function on the double point curve
singularity.

The curve (X,0) is defined by zy = 0 in C? and f: (X,0) — (S,0) is the
restriction to (X,0) of the function on C? given by 2P + y?. To construct the
miniversal deformation of f we first take a miniversal deformation of (X, 0),
which is simply given by the equation of (X,0), i.e., go: (C%,0) = (X0,0) —
(Bo,0) = (C,0) defined by go(z,y) = zy. Let € be a coordinate around the
origin in By. The module of relative vector fields ©x, /g, 0 is generated by the
single vector field

o 9
oxr dy| 0 d
og 99| "oz Yoy
oz oy

and the discriminant is just the origin. The sheaf O(logAy,) is generated by
u = e% and lift of u is given by

To =

YT 9\ Ty

The cokernel of ' f is

0%0,0 _ (C{x7y}

Ox,/B, (f) + (tf(@) +g*mp,0  (prP — qy?,pa? + y?, xy)
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and a C-basis is given by 2=, ..., 22, 2, y? ', ...,y vy, 1. Writing B; = CP~1 x
C9~1 x C with coordinates (a,b,c) = (ap_1,...,a1,b4-1,-..,b1,c), the miniver-
sal deformation of f is written as
g =9o X HBl: (I,O) = (:{0 X Blvo) —> (BO X Blao) = (BaO)
F(z,y,a,b,c) = xP + Zf;ll ap—ixP~" 4 qy? + Z‘g;j bg—iy? " +c
We now fix a Gorenstein generator of wx,p, for example

de Ndy dx dy
== — = ——

dgo x Yy
The following notation is useful:
OF OF F, F
F,: =— F,: =— H: =" Y/ =xF, —yF,
5;10 ) Yy 8y 9 y x y Yy

To simplify certain computations, it will also prove useful to fix representatives
of t'F(u) for u € O(logA,). This is achieved simply by fixing the lifts of
logarithmic vector fields. For u = e% we take the above defined @ and for the
rest, for example %, we take themselves seen as vector fields on X. If now
v € O(logAy), we denote by h, the representative of ¢ F'(v) induced by this
fixed lifts.

For later reference, we collect the results of several calculations in the next

lemma:

Lemma 4.2.2. For arbitrary logarithmic vector fields u,v, we have:

1.
hyhy dz hyhy d
< u,v >= — Resz—o T + Resy=o I gy
2. 5 in i~1h d
Req T o 2T hedy
< 8a¢’u>_Reby:0 7 dy = Resy—g F
yih, Yy~ thy, d
< 8—bj,u > = Resy—o e dxr = — Resz—¢ 7, -
and in particular
« D9l 0,0 0 0 0 0.
da;’ " e T T Ob; T e T T Ba;’ dc T by de T
3.

<2€2,26£ >=0, <2e 2

8 —

O’ Oe 9 D

Proof. 1. A priori, we need to integrate along the boundary of an annulus

that encircles only those p 4 ¢ critical points of F' that come from the original

singularity of f at 0 € X. If we regard F' as a family of meromorphic functions

globally defined on P': = {zy = €} U {oo}, its critical points (z,y) in the

affine part {xy = €} are characterized by the fact x is a root of the polynomial
equation

0= a%(aF, —yF,)
= paPTl 4 (p— 1)ap_1a:p_1 +otaztte

—qe? — (¢ — Dbg_1€7tx — - — brext™!
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There are at most p + ¢ such points, so that we can take the radii defining the
annulus arbitrarily large and small respectively. As the sum of the residues of
any member of ' on P! vanishes, we obtain (1).

2. We show the first part, the other part is analogous. We begin by noticing
that

2'H = 2% (xF, — yF,) = peP 7+ (p — Vap_12? ' + - + agz' ™

—qe? — (¢ — 1)bg_1€" o — - — byext™!

is holomorphic and not vanishing at = 0. Similarly, y? H is holomorphic and
not vanishing at y = 0. Then

because ¢ > 1 and the order of the pole of h, at z = 0 is at worst ¢ (this is the
reason why we fixed the lifts of «). Accordingly we have

< aiai,u > = Resy=o m;;lu% = Resy=o 3;;: <1 14 xe) dy
= Resy—o xZTLh“ (1 n %) %
= Resy=g miFlhu (1 +yp+1yf_yj;_{> %
= Resy—o m%_Tlh"%

The rest of the equalities are all straightforward. We show for instance those
involving %. To compute residues at x = 0, the “trick” is the following expre-

sion:
tF(d.) xF, +yF, zF, yF,
- =(1 14 P

H H T YE, g

F. zF,
=(1 tl_—2 -1 z
(e ) ()

F, F,
=(1 gtl_-—* -1 gtl_~ 2
(e i) (e i

As z9yF), is holomorphic and it does not vanishes at « = 0, this implies

Res,—¢o

|0 ifi=—q—(g—1),...,—1,1,...,p

sz—FyFyxidx_ -1 ifi=0
H T

Analogously, we compute the residues at y = 0:

Resy—g —————~ =
v=0 Y 0 lf.]:_pa_(p_l)aa_lvlaaq

oFy +yFy sdy )1 ifj=0
H Y
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and we obtain 5 5
<2e—,2¢e—>=0

Oe’ Oe
g 0 o0 0
<2€a,8—ai>—<2€a,a—bj>—0
0 0
<26&,&>—2

Proposition 4.2.1. The pairing <, > is flat.

Proof. We will construct coordinates respect to which the matrix of <, > is
constant. The restriction of the function F(z,y) to P! = {zy = ¢} U {oc} has a
pole of order p at y = 0. Hence we can find a coordinate u near y = 0 such that

F(z,y) =u"?

As zy = ¢, the function zu is holomorphic and not vanishing at y = 0. Hence, if
log denotes a fixed branch of the logarithm log zu is holomorphic at y = 0 and
we can expand it as a power series respect to u:

logzu = to + tiu+--- + tp_lup_l + O(u?)
Similarly, we can find a coordinate v near x = 0 such that
F(z,y)=v1
and expand logyv as a series in v:
logyv = s+ s1v+ -+ sq_lv‘rl + 0%

Write t = (t1,...,t,—1) and analogously s = (s1,...,Sq—1).

Claim 1: The functions (¢’ = loge, t, s, ¢’ = ¢) form a coordinate system. More-
over t (resp. s) are functions depending only on a (resp. only on b).

Proof: To see that they are indeed coordinates, we write x as a power series
with respect to u:

1 ,
T = Eexp Ztiul

i>0
NG
Although elementary, we do it carefully. First expand (Zizo tiul) :

k
i k, i
E tiu :E Aiu
i>0 >0

where
Al =tk

Af = Akt .. to)
In order to avoid special cases, set also

40 — 1 fori=0
¢ 0 otherwise
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Now expand exp (Zizo tiui):

2
exp Ztiui :1—&—1' Ztiui —|—l' Ztiui N
120 I i>0 2! i>0
:ZA?ui+l'ZA}ui+l'ZA?ui+...
120 B i>0 2 i>0
= Z ZA{ ut =: ZBiui
i>0 \j>0 i>0
where
BO = etO

B, = Bi(ti, - ,to)

N
Next, we expand (exp Y50 tiul) :

exp tiui Biui
> >

i>0 i>0
=: Ol
i>0
where
Ch = ekto
CF =CF(ty,... to)
Set also

00 _ 1 fori=0
! 0 otherwise

Substituting x = u~" exp(}_,5, tiu’) in the equation F(z,y) = u~? we find:

1 1 : 1 , 1 ,
= Pl p—1, i 1,
= E Ciu +ap_1up71 E C; u+---+a155 Ciu'+

uP E
i>0 i>0 i>0

“holomorphic terms in u”

Equaling coefficients we obtain the following equations:

1=CF
0=CP+a, CP"
0=C%+a, 1C* ' +a, ,CP 2

0=Cp , + ap,ngjf -t arCy
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As CF = eP'o it follows from the first equation that ¢ty = 0 and hence C’(’f =
efto =1 for all k. The above set of equations becomes then

0=CP(t1) + ap—1

0= Cg(tg, tl) + ap_le_l(tl) +ap—2

O—Cp 1(t ...,tl)+ap,105:12(tp,1,...,t1)+'-'+a1

These equations and those analogous for s = (s1, ..., Sq—1) show that the func-
tions (€',t,s,¢') are indeed coordinates with the properties described in the
claim.

Claim 2: The matrix of <, > in the coordinates (€', ¢, s, ') is constant.

Proof: We first compute lifts of the coordinate vector fields associated to the
coordinate system (€', t,s,¢’). Near {oo} X B, we have a commutative diagram:

O=(P1,P2,P3,P4,P5)

(u,€,t,s,c)

\/

F(z,y,a,b,c) =u~P

(z,y,a,b,¢) ~

U=(V,V2,¥3,¥,)

~

(e,a,b,c) (€,t,s,c)
Let us consider, for instance, the vector ﬁeld S ©p associated to the coordi-
nate system (€', ¢, s,¢'). From the change of coordlnateb formula we obtain

0 _0ad

ot Ot da
because t = Ua(a) is only a function of a. A lift of % is given by the coordinate
vector field corresponding to the function ¢ in the coordinate system defined by
(u,€',t,s,¢"). Let us denote this coordinate vector field by %. On the other
hand, from the equation of change of coordinates, we can lift the right-hand
side of the above equation. Using the same self-explanatory notation we have a
diagram of lifts:

5
51

<_
o~ Yo

Q
&
Q
Q

da 8
Gtoa
Therefore %% is a lifting of %. On the other hand we have the expression

F(x,y,a,b,c) =uP=Fo®=F(u,é,ts0c)
We apply the vector ﬁeld > to this expression. On the left hand side, we obtain

through change of coordlnateb

OF 0z OF dy  OF da  OF db  OF dc _
Or Ot Oy dt Oa Ot 0Ob Ot Oc Ot
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As b, ¢ do not depend on ¢, it follows

da0,_, (é)__a_Fé)Nx OF dy
otoa’ ot T fx ot oy ot
and hence } )
0 OF 0x OF 0y
/ i Wi -
tF(Bt) dr ot Oy Ot

We now show that the matrix of the metric is constant in the coordinates
(¢',t,s,c). Differentiating the equation logzu = >,.,t;u’ respect to t; we
obtain -

l%_ui 1 9y i

wot; yot;
Oz 39 i i
F,— N + Fy—= ot = (¢F, —yFy)u' = Hu

As t only depends on a we see according to the previous lemma

o 0 (Huz)(HuJ)d
T T o R 7

= — ReSp—oo U dF = Resy—g pu7 =P gy = p5zi>+j

d
= Resy—ou'"H-> y
Yy

As s only depends on b we obtain similarly

g 0

e A YA
<8Si788j> qq
o 0
<8—ti,8—8j>—0

To finish the proof, we simply note that

0 0
= €—
o€’ Oe
9 _9
o Oc
and again it follows from the previous lemma. O

Proposition 4.2.2. The FEuler vector field E corresponding to the class of F
in M, satisfies

Lieg(9) = g

Proof. The class of F' corresponds to the vector field

(1 p—z q-— 0
E= ( )86 ; 8a1+; 8_

Giving weights 1/p+ 1/q to the variable €, p—i/p to a;, g —i/q to b; and 1 to c,
we have that a polynomial h(e, a, b, c) is quasi-homogeneous of degree d if and
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only if Lieg(h) = d - h. We will compute the matrix of <, > to show that each
entry is quasi-homogeneous. Writing u = e~ 'y, we see that
o 0 22 dy
<z, 5— >=Resy—g———
da;’ da v=UTE Ty
up—(iti+1)

= Resy,= du
o+ (p—Dap_1u+ -+ agup1

Expanding as a power series:

1
p+(p—Dap_1u+ - +aur!

1
=3 +lhu+t-lpouP 2+ Ol (4.1)

we see that the submatrix of <, > corresponding to the coordinates a; is

0 0 0 pt

0 0 p! L

0 pil l1 lo
p_l i o lp_z

On the other hand

(p+(p—Dap_1u+ -+ agur?) (% +huA -l puP % + O(u”‘l))
=1+(h+{@-Dap-1)ut =1

so that the above matrix is the inverse of

200 3as 4ay (p—Dap—1 p

3ag 4ag ........ D 0
My,=14a4 ..o 0
D 0

An analogous reasoning applies to the submatrix corresponding to the coordi-
nates b;. Together with the orthogonality relations of the previous lemma we
see that the matrix of <, > is

0 0 A
0 M,

0

0
0
0 M
0 0

o O O

2—1

Using 4.1, we see that the entry in the position ij of M1 (resp. Mb’l) is (if
not constant) quasi-homogeneous of degree (i + j — p)/p (resp. (i +j —q)/q).
Hence

. g 0 ) o 0 a . 0
LleE(< 8—@,8—0}] >)—<L16E a—ajl,a—aj > —< TM’LIGE% >=
1+j7—D o 0 p—i o 0 p—1J o 0 _
D <8ai’5aj>+ P <8ai’8aj>+ D <8ai’6aj -
g 0

< _
6ai’ 8aj
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and similarly for < Bibi’ 8%1_ >. To finish the proof we simply notice that
Lieg(e4) = 0. O

€
Remark 4.2.2. There is at least on more situation in which the algebra M is
Gorenstein and hence supports a non-degenerate bilinear pairing. If f the re-
striction of a linear function, say f = x1, to an isolated hypersurface singularity
(X,0) defined by h(x1,...,zp+1) =0, we have

LR

M; = Ocn Ry oy
! C+1/( 8332 83377,4—1

and hence its a 0-dimensional complete intersection. As such, it supports the
Grothendieck’s residue pairing. We have checked with Maple ([1]) the flatness
of this pairing for the function f = x; on the As-singularity o3+ 23+ -+ 241
As the addition of sum of squares in new variable affects neither the F-manifold
structure nor the metric, this is indeed equivalent to the case of the linear
function x; on the cusp singularity curve.
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Appendix A

F-manifolds from composed
functions

Ignacio de Gregorio and David Mond

A.1 Introduction

In this note we show how to endow the base of a versal deformation of a compos-
ite singularity with an F-manifold structure, as defined by Hertling and Manin
in [8], and in particular with a pointwise, integrable multiplication on the tan-
gent bundle. This is closely related to, but not a special case of, K.Saito’s
construction of a Frobenius manifold structure on the base-space of a versal
deformation of a function with isolated critical point.

Let us clarify the notion of versality we are concerned with. Consider a
function f: (Y,y0) — C and a map-germ F : (X, xz9) — (Y, yo). Deformations
of F' give rise to some, but not all, of the possible deformations of the composite
foF. In this context, a deformation .%# of F' is versal if, up to the usual notion
of equivalence, it contains all the deformations of foF which can be achieved
by deforming F'. A precise definition is given below. For now, we point out that
even when foF has non-isolated singularity, F' may have a finite-dimensional
versal deformation in the sense being considered. Exactly this is the case in
Damon’s theory of almost free divisors, [3].

The ideas of the previous paragraph are made precise by means of the sub-
group Ky of the contact group K, acting on the space of map-germs (X, z9) — (Y, yo)-
The Kj-equivalence of Fy and F» equivalence implies (but is not implied by)
right-equivalence of the composites foF} and foFy. A Ky-miniversal deforma-
tion .F : (X x S, (20,0)) — (Y,y0) of F': (X,209) — (Y,y0) can be constructed
by the usual procedures of singularity theory; loosely speaking, the tangent
space TS is isomorphic to the quotient T,%fF of the space 8(F) of infinitesimal
deformations of F' by the tangent space to the Ks-orbit of F.

Write Fs(z) = % (x,s). The multiplicative structure on T'S is defined at
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those points s € S over which the natural epimorphism
F(Jy)
T F. s
Ket's — JfoFs
defined by contracting with F*(df), is injective. Although the ring F}(J¢)/Jfor,
does not appear to have a unit, and although contracting with F'*(df) does not
always give an injection, under favourable circumstances there is a Zariski-open
set in the S where both dificulties vanish. In particular,

(%) there is a proper analytic subset B of S, such that for s € S'\ B,
supp T, Fs NV (F; (Jy)) =0,

so that at the very least T,%fFS maps onto the ring Ox/Jfop,. In Section A.3
we prove a transversality lemma which allows us to show that there is an open
set in S, the critical points of foF, off F;'(E) are generically non-degenerate
and that the critical values are generically pairwise distinct.

To transfer the multiplicative structure to the tangent sheaf of the base, we
need the relative Kodaira-Spencer map

Os — mu(Ix,/s7)

to be an isomorphism, and in particular we require T,éf / Sﬁ to be free over the
base. Section A.4 recalls the arguments given in [4] and [5] to prove freeness in
three cases: where E := f~1(0) is a free divisor, and where dim X is equal to
mg :=dimY — dim Eg;,g or to mg — 1.

If dim X > my, the generic fibres Dy = F;}(E) will contain singularities;
they are only partial smoothings of D := F~!(E). The most extreme case is
where E' is a free divisor (and not smooth). In this case, D,, like E, will be
singular in codimension 1. Nevertheless, in all cases every fibre Dy has the
homotopy type of a wedge of spheres of middle dimension. This is because
we have “triviality at the boundary” (recall that under the assumption that
supp T,éf = {0}, F is transverse to F away from 0), and thus the vanishing
homology of D, is accounted for by the isolated critical points which move off
D as s moves away from 0 (cf [10]). The number of spheres in this wedge for a
generic parameter-value s is called by Damon the “singular Milnor number” of
D. We will denote it by pg(F). In Section 5 of [4] it is shown that if

1. T,éf/séz is free over Og, and

2. condition (x) holds,

then pg(F) = dimc T,%fF. Thus, in these favourable circumstances, our F-
manifold S supports a locally trivial holomorphic fibration whose fibre D has
homology concentrated in middle dimension, where its rank is equal to the
dimension of S.

A.2 Background and notation

Throughout this paper, X and Y will denote the germs (C™,0) and (C",0)
respectively. We consider a fixed map f : Y — C, and classify map-germs
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X — Y as follows: F; : X — Y and Fy : X — Y are Ky-equivalent if there
exists a germ of diffeomorphism ® : X x Y — X x Y such that

1. @ covers a diffeomorphism ¢ : X — X (i.e. there is a germ of diffeomor-
phism ¢ : X — X such that mxo® = ¢ormx)

2. ® preserves the level sets of f; more precisely, foryo® = fomy, and
3. ®(graph(Fy)) = graph(Fh).

Observe that ICy contains the group % of right-equivalences. One calculates
that the extended tangent space to the group action on a germ F': X — Y is

TK¢F =tF(0x) + F*(Der(—log f))

where Der(— log f) is the Oy-module of germs of vector-fields tangent to all the
level sets of f. We denote the quotient 6(F)/TK ¢ F by T,éfF. It is easy to show
that

Fi~g, By = foFy ~g folb,

but the converse does not always hold.

The group Ky is geometric, in the sense of Damon [1], and so the usual
properties hold; in particular, if T,éfF has finite length then a deformation
F : X xU —Y of F is versal if the initial velocities 0.% /0s;|s=0 generate
T¢ F over C, and miniversal if they form a basis.

Closely related to Ky is the group Kg, in which part 2 of the definition
above is weakened to the requirement that ® preserve only the level set X x E
of fory. It is an immediate consequence of Nakayama’s lemma that

suppTye, F = {z € X : F AE at z},

where transversality is understood to mean transversality to the distribution
Der(—log E).
Damon showed in [2] that if

Xo — Xy

is a fibre square in which H is a right-left stable map-germ with discriminant
E (or image, if dim Yy < dimY7), and FhH, then

0(h)
TL Fp~Tt = )
e X0 = X th(Bx, ) + wh(fy)

Our F-manifold structure is therefore closely related to the theory of right-left
equivalence of map-germs, and of right-left versal unfoldings.

A.3 Transversality

To prove a number of properties of K ¢-versal deformations, we will use a local
transversality lemma. Recall that X () is the subset of the r-fold cartesian
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product X" consisting of r-tuples of pairwise distinct points, that ,.J*(X,Y) is
the restriction of (J*(X,Y))” to X", and that

GEF XD xS - JRX,Y),
the relative r-fold multi-jet extension map, is defined by
R T (2, .. xy,8) = (ijs(ajl), .. ,ijs(a:T)).

Lemma A.3.1. Let W C ,J*(X,Y) be a Ky invariant submanifold. If F :
X xS — Y is a Ks-versal deformation of a germ F : X — Y, then ,jEFhW.

Proof. 1t is possible to find a deformation .7 : X x § x U — Y of .# such that
JEF X xS x U — J¥(X,Y) is transverse to W. For example, identifying
X and Y with C™ and C™ respectively, we take as U the space of polynomial
maps p : C™ — C" with each component of degree < N, and define

F(x,s,p) = F(x,s) + p(x).

If N is sufficiently large then ,.j* 7 isa submersion, and in particular transverse
to W. 1 N .
As F is Kg-versal, so is F. Versality of # implies that % is K run-equivalent
to the deformation ¢*.7 induced from .# by some map of base-spaces i : U x
V — U. Versality of .% implies that i is a submersion, and lin particular locally
surjective. As W is Kj-invariant, the transversality of j*.# to W implies that
JE(F) : X x U x V — J¥(X,Y) is also transverse to W. But j¥i*(F#) =
(5 F)o(idx x i). Asidx x i is surjective, it follows that j¥.% is transverse to
w. O
).

In what follows, when we consider amap F' : X — Y, we write D = V(foF
If Z:X xS —Y is a deformation of F, we write Fs(z) := F(x,s), 2 :=
Z~YE) and Dy = F7Y(E).

From our transversality lemma we derive first a statement about the be-
haviour of perturbations Fs of F off the level set Dy of foFs. The reason for
this is that typically, D, will have non-isolated singularities.

Here is a simple example. Define f : C* — C by f(y1, Y2, ¥3,Y4) = Y1Y2Y3Y4,
let E = f~1(0) and let F : C3 — C* be given by F (1,22, 23) = (v1, 2, v3, 1+
zo+x3). Der(—log E) is well known to be generated by the vector fields y;0/0y;
fori=1,...,4, and Der(—log f) consists of all linear combinations > a;y;0/0y;
where ). a; = 0. Thus TK¢F is generated over Ox by

9,0 09,9
oyp  Oys’ 7 Oys  Oua
and by
mli - xzi, xli - $3i, T15— — (71 + 22 —|-333)i
oy dy2" Oy dys’ Oy Oy

1t is interesting to note that the extension of Tj]gjﬁ? to X" xS x U can not be a submersion,

since , ]’;j is equivariant with respect to the obvious symmetric group actions on X" x U x V'
and on (J®(X,Y))".
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The quotient T,%fF has length 1, and is generated by the class of 9/0y4. The
two drawings below show the real part of D = F~}(E) and Ds; = F;1(E),
where Fy is the deformation Fs = F + s0/0ya, for s < 0. Both surfaces have
non-isolated singularities; the defining equation z1xox3(x1 + 22 + 23+ 8) = 0 of
the second also has an isolated singularity at (—s/4, —s/4, —s/4) with Milnor
number 1, inside the chamber which has opened up as s moves away from zero.

Proposition A.3.1. If % : X xS — Y is a K¢-miniversal deformation of F,
then

(i) Z;Zlg is mon-singular off 9.

Moreover, there is are analytic hypersurfaces By and By of S such that

(i) for s € S\ Bi, each critical point of foFs off Dy is non-degenerate, and
(iii) for s € S\ Ba, the values of foF, at these critical points are all distinct.

Proof. Apply A.3.1 taking as W the submanifold of J'(X,Y) consisting of 1-
jets (x,y, A) with the property that y ¢ F and the image of the linear map A
lies in kerd, f. For each y ¢ E, kerd, f has dimension n — 1, and so the space
of admissible matrices A has dimension m(n — 1). Thus the codimension of W
in JY(X,Y) is m. Clearly Ef;l \Z = (jlf o Z)71(W) and is therefore smooth
by A.3.1. This proves (i).

Let W1 C J%(X,Y) be the set consisting of jets j2H (z) such that H(z) ¢ E,
d,(foH) = 0 and the Hessian determinant of foH vanishes at x. Although not
a manifold, W7 is an analytic set and can be stratified. Its open stratum has
codimension m + 1. The set B is the closure of wg(j2.%)~1(W1).

The projection 7 : ijolg — S is finite. If it were not, then for some s € S,
foF, would have a non-isolated singularity off D,. But the length of T,%fFS is
upper semi-continuous, and for s = 0 it is finite. Thus, B; is a hypersurface.

To ensure that the critical values of the critical points off the zero level are all
distinet, let Wa C 2J1(X,Y) be the submanifold consisting of jets (1, y1, A1, T2, y2, A2)
such that f(y1) = f(y2) # 0, and dy, foA; = 0 for i = 1,2. As Ky leaves the
level sets of f unchanged, W5 is indeed Ky-invariant. The codimension of Ws
in oJY(X,Y) is 2m + 1, so transversality of 251.% to W, means that the set
(z1,x2,5) € X? x S such that 1, x5 are critical points of foF, not in D, and
with equal critical values, is empty or has dimension dim S—1. In particular, the
closure By of its projection to S is a hypersurface (or empty), and if s is not in
B5 then the values of foF} at its critical points off Dy are pairwise distinct. [

A divisor E is holonomic at x if the logarithmic partition of E is locally
finite (and thus a stratification) in some neighbourhood U of E. Holonomicity



72 APPENDIX A. F-MANIFOLDS FROM COMPOSED FUNCTIONS

is an analytic condition, and thus the set of points where it fails is an analytic
subset of E. We say that E is holonomic in codimension k if this subset has
codimension at least k + 1.

In similar vein, E is quasi-homogeneous at x if there is a local analytic
coordinate system centred at x with respect to which E has a defining equation
which is weighted homogeneous with respect to some set of strictly positive
weights. We say that E is locally weighted homogeneous in codimension k if
there is a Whitney stratification of E such that E is quasi-homogeneous at
every point of each stratum of codimension < k.

Proposition A.3.2. (J.N.Damon, [3]) Suppose that E = V(f) is holonomic
and locally quasihomogeneous in codimension m. Then there is a proper analytic
subset B of the semi-universal bases-space S of F such that if s ¢ B,

supp (T,ést) N D, = 0.

Proof. Let . = {E,} be a Whitney stratification of F, in which each stratum
of codimension < k is logarithmic. Any Ks-versal deformation of F' is logarith-
mically transverse to F, and thus is transverse to .. By Sard’s Theorem, the
set A, of critical values in S of the projection .# ~}(E,) — S has measure zero,
and so also does A :=J, Aq. If s ¢ A then F; is transverse to each stratum
E, of .. Since FE is holonomic in codimension m, this means that Fs meets
only holonomic strata of E, and so in fact F is logarithmically transverse to F
itself.

For such a point s € S, we have

dpFo(Ty X) + Tpo (5B = Tp, ()Y (A.1)

for all 2 € F;'(E). Let x € Der(—log E)p, (5 be a germ of Euler vector field,
vanishing at Fi(z), such that x - f = f. Then Der(—log E)p (») = (X)F. () +
Der(—log f)r, (z), where (x) is Oy module generated by x. Since x vanishes at
Fs(z), from (A.1) we obtain

do Fs(Tp X)) + Der(—log f)(Fs(x)) = Tp, ()Y (A.2)
and now Nakayama’s Lemma gives (TKC;Fs), = 0(Fs)s. O

Remark A.3.1. In this proof the only role played by local quasihomogeneity
is to guarantee that at every point y € E, T, 1°¢E = Der(—log f)(y).

A.4 When is the relative T free over the base?

Suppose that Oy /Jy is Cohen-Macaulay, and let mq be the codimension of
V(Jy) inY. Let # : X xS — Y be a deformation of a germ F : X — Y for
which supp T,éfF = {0}. There are three cases where we can show that under

these circumstances the relative module T,éf / Sﬁ is free over S. These are

1. where f is an Euler-homogeneous defining equation for £ — one for which
f € Jy — for a free divisor E,
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2. where dim X = my, and
3. where dim X =mg — 1.

Proofs of all three are straightforward, and may be found, for example, in [4],
[5], though for completeness we sketch them here.

1. Free divisors Der(—log f) is a direct summand of the free module
Der(—log E), with complementary summand generated by a vector field x such
that x - f = f, and so is free on n — 1 generators. Thus, the presentation

Oxxs/s ® F*(Der(=log f)) — 0(F/S) — T, ;sF — 0
can be read as
Rxs ®O%Ys = O%ys — T/éf/sgz — 0. (A3)

Since supp T,éf /57 is finite over S, dim T,éf )57 < dim S, which is the mini-
mum possible given (A.3). From (A.3) it now follows, by the theorem of Eagon-
Northcott, that T,éf )57 18 a free Og-module.

2. The cases m = mqg and m =mgy — 1

Lemma A.4.1. If m < mg and T,%fF has finite length then foF' has an isolated
singularity.

Proof. First, because supp T,%fF = {0}, the restriction of F' to X \ {0} is trans-
verse to every level set of f. We have dim X < codim V(Jy) < codim E, for
each stratum E, of any Whitney stratification of E contained in V' (Jy), and so
F~1(E,) must consist of isolated points. Thus the germ of F~1(V(J¢)) consists
at most of {0}. At every point x ¢ F~1(V(Jy)), the transversality of F to the
level set of f through F(z) means that = is not a critical point of foF. O

The multiplicity, u, of the critical point of foF is preserved in any deformation.
When m = my, the exact sequence of Corollary 1.3 of [5] reduces to

0 — T, F — Ox/Jpor — Ox/F*(J) — 0. (A.4)

The lengths of the second and third non-trivial terms in this short exact sequence
are conserved (the latter because Oy /Jy is Cohen-Macaulay), and hence so is
the length of the first. This implies that T,éf /57 is free over Ogs. When

m = mg — 1, the exact sequence acquires an extra term, and becomes
0 — Tor?™ (Oy/Js,Ox) — T, F — Ox/Jjor — Ox/F*(J) —» 0 (A.5)

An easy argument ([5] Lemma 4.3(i)) shows that the lengths of the modules
Tor?Y (Oy ) J;,Ox) and Ox/F*(J;) are equal, so that the length of T,%fF is
equal to pu. As p is conserved, so is the length of T,éfF, and so once again
T,éf/sﬁ is free over Og.
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A.5 Multiplication on the tangent bundle of the
base

Let .# be a K y-miniversal deformation of some germ F': X — Y for which T,%fF
has finite length. Suppose that E is locally quasihomogeneous and holonomic
in codimension m, and that T,éf/sﬁ is free over S. By Prop. A.3.2, there is a
proper analytic subset B of the base space S, such that for s € S\ B, supp T,ést
does not meet Dg. For such s,

(T)%st)r s OX,I/']fOFS
for each x, and indeed
me(Tit, /5% ) = T (Ox x5/ o). (A.6)

Because T,éf / 7 is free over S, the Kodaira-Spencer map gives an isomorphism
of free sheaves
~ 1
Os ~ W*(T/cf/sy)

on all of S. Composing this with the isomorphism (A.6) we get an isomorphism
Osv5 = T (Oxxs/ T8 g, (A7)

and it is this that we use to define a multiplication on the tangent sheaf, just
as in the case of deformations of isolated hypersurface singularities.

A complex manifold with an associative and commutative multiplication
on the tangent bundle is called an F-manifold if:

1. (unity) there exists a global vector field e such that e x u = u for any
u € O and,

2. (integrability) Lieys, (x) = u Lie, () + Lie, (x) x v for any u,v € 0.

The main consequence of this definition is the integrability of multiplicative
subbundles of T'M, namely, if in a neigbourhood U of a point p € M we can
decompose TU as a sum A@ B of multiplicatively closed subbundles with unity,
then A and B are integrable.

An Euler vector field E for M is defined by the condition

Lieg(x) = %

Theorem A.5.1. The complement S\ B with the multiplication induced from
(A.7) is an F-manifold with Euler vector field Es given by the class of f o F
in Oxxs/Js.

Proof. Tt is enough to show that the integrability conditions holds in an open
and dense subset of S\ B. According to Prop. A.3.1, there exists a proper
analytic subvariety By such that for s € S\ By, the composite f o Fy has only
non-degenerate critical points. In a neighourhood U C S\ B of such a point,
the integrability condition is equivalent to the image L of the map

supp T;L(fﬁ‘a (z,8) = dzs(foF) e TS (A.8)
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being a Lagrangian subvariety of T*S (see [7], Th. 3.2). If & denotes the canon-
ical 1-form on T*S and p: T*S — S the projection, it is easy to check that the
diagram

. (supp T, F) pOr,
\ 9 /
S

is commutative. The homomorphism on the right hand side is given by evalua-
tion, so that it can also be expressed as a(@) where @ is a lift of u € 05 to O7.s.
Hence «y, is the relative differential of (f o %) when thought of as a map on L
via the identification (A.8). It follows that ay, is the exact and hence closed, so
that L is Lagrangian.

The statement about the Euler vector is an easy calculation that we leave to
the reader (see [7], Th. 3.3.). O

Remark A.5.1. It follows that the critical values of fo.# are local coordinates
around a generic point in the base. For a point s where supp T,%f F; consists of m
different points, the algebra TS decomposes in 1-dimensional subalgebras with
unity. Hence there exist coordinates (u1,...,ur,) such that (9/0;) * (9/0;) =
9;;0/0;. These special coordinates are known as canonical coordinates. Writing
the Euler vector field F in these coordinates and using the fact that d(f o F) =
alr, we see that the canonical coordinates coincide, up to a constant, with the
critical values of f o .%.

In the cases where f o F' has an isolated singularity, we can compare its
R-miniversal deformation with .#. Let us assume that f o %, thought of as a
deformation of fo.% is (up to Re.un-equivalence) induced from some other, say
G. Then we have a fiber square

X xS ;’ =X xT
fo
7TS| \C/ T (Ag)
S :

K2

where ¢ is the Re yn-equivalence and i is the inducing map from the base-space
of f o.Z to the base space of G.

Lemma A.5.1. There is a commutative diagram

(m5)(T, )5 F) — (15)x(Ox x5/ Tfilz)
} | ) (A.10)
05 b 0(i)

The vertical arrow on the left hand side is the Kodaira-Spencer map of F as a
KC¢-deformation whereas the one on the right hand side is the pull-back of that
of G as an R-deformation of f o .F.
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Proof. The diagram (A.9) induces a commutative cube at every (z,s) € X x S,

0X><S'7(w7s) 7 9(‘9\)(%5) FrLf
T~ .
tﬂs[ i 9(¢)($78) 4 tG| o(f © ‘g)(w,s)
\ (A.11)
G(WS)(I,S) 4‘( - (Tléf/sy)(z,s)
s ¢*9(7TT)(I,S) OX><S'7(:E7S)/J;‘219

Let us say few words to explain the diagram. The commutativity for the top
layer is simply the chain rule. In the vertical slice on the right, we have the
canonical projections onto the respective quotients. Commutavity there simply
follows from the fact that

(Ff)(0F (Oxxs) + F*(Der(=log f))) Ct(f o F)(Oxxs)-

Finally on the bottom layer, we obtain the left-to-right maps by lifting vector
fields and then projecting onto the respective quotients. For example, we lift
u € 0s®Oxxs to @ and apply tF. As two lifts differ by a relative vector field,
this defines a map 0(wg) — T,éfﬁ. If we now compose with wrg: 8 — 0(ns)
we obtain the Kodaira-Spencer map of the deformation .#. Analogous reasoning
defines the other map and the claim follows. O

Proposition A.5.1. Assume that G in (A.9) is an R-miniversal deformation
of the isolated singularity f o F'. Then

1. if m =mg, i is an immersion into the discriminant A of G,

2. if m = mo—1, the critical locus C of i is mg(V(F*Jy)) andi: S\C — T\ A
is an unramified covering.

Proof. In any of two cases, since G is a Re-miniversal deformation, the vertical
arrows of (A.10) are both isomorphisms. The exact sequences (A.5) and (A.4)
show that the support of the cokernel of ¢i is exactly the projection onto S
of Oxxg/F*Js. As this last module is Cohen-Macaulay and supported inside
2 =V(fo.F) we see that Dy = V(f o F) is singular. Hence the set of values
where 7 is not submersive is contained in A.

To conclude, the exact sequence (A.5) says that 7 is injective in the case m = my,
whereas for m = my — 1, (A.4) says the critical locus C is the projection by 7g
of supp Tor?Y (Oy /J¢, Oxxs) and hence equal to ws(V (.Z*Js)). O

Remark A.5.2. The Kodaira-Spencer map pg: 01 — (’)XXT/Jg’l defines Saito’s
F-manifold structure on T', and hence on (i) = 67 ® Og. The Euler vector
field Er of this F-manifold is given by the class of G in the relative Jacobian
algebra. The mapping 7 respects the multiplication and Euler vector field in the
sense that
ti(u*v) = ti(u) * ti(v)
ti(Eg) = FEroi

Note that in the case m = myg the multiplication is defined through the iden-
tification T,éf/sﬁ ~ F*(Jf)/Jzoy (this is not an F-manifold as it lacks the

unity). The second equation of (A.12) still holds if f is quasi-homogeneous.

(A.12)
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Remark A.5.3. The statement (2) in A.5.1 implies a conjecture in [6]. Let
F: C? — Sym,, be a family of n x n-symmetric matrices and f: Sym, — C
the determinant. Then the subvariety >  C S corresponding to values of the
parameter space for which F intersects the set of matrices of corank at least 2
is (mg)«V(F*Jy) and hence coincides with C.

Remark A.5.4. For simple matrix singularities, it is shown in [6] that 4 is
indeed finite. We conjecture this is the case for any K s-simple singularity.
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