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ABSTRACT. We define the Global Centre Symmetry set (GCS) of
a smooth closed m-dimensional submanifold M C R™, n < 2m,
which is an affinely invariant generalization of the centre of a k-
sphere in R¥1. The GCS includes both the centre symmetry set
defined by Janeczko [16] and the Wigner caustic defined by Berry
[3]. We develop a new method for studying generic singularities of
the GC'S which is suited to the case when M is lagrangian in R?™
with canonical symplectic form. The definition of the GC'S, which
slightly generalizes one by Giblin and Zakalyukin [10]-[12], is based
on the notion of affine equidistants, so, we first study singularities
of affine equidistants of Lagrangian submanifolds, classifying all
the stable ones. Then, we classify the affine-Lagrangian stable sin-
gularities of the GC'S of Lagrangian submanifolds and show that,
already for smooth closed convex curves in R?, many singularities
of the GC'S which are affine stable are not affine-Lagrangian stable.

1. INTRODUCTION

A circle is usually defined as the set of all points on a plane which
are equidistant to a fixed point. Naturally, this point is called the
centre of the circle or, equivalently, the centre of symmetry of the circle.
Similarly, a 2-sphere in R3 has a unique point of R? as its centre, or
centre of symmetry, and the same applies for any k-sphere in R¥*1,

When trying to generalize this notion of centre of symmetry of a
smooth closed m-dimensional submanifold of R", one finds that there
seems to be more than one way of doing it. Coming back to the circle
on the plane, or even an ellipse, its center can also be defined as the set
(in this case consisting of a single element) of midpoints of straight lines
connecting pairs of points on the curve with parallel tangent vectors.

For a generic smooth convex closed curve, this set, of midpoints
of straight lines connecting pairs of points on the curve with parallel
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tangent vectors, is not a single point, but forms a curve with an odd
number of cusps, in the interior of the smooth original curve.

This singular inner curve has been known as the “Wigner caustic”
of a smooth curve since the work of Berry in the 70’s, because of its
prominent appearance in the semiclassical limit of the “Wigner func-
tion” of a pure quantum state whose classical limit corresponds to the
given smooth curve in R? (with canonical symplectic structure) [3].

Therefore, this “Wigner caustic” of a smooth closed curve on the
plane is a natural affine-invariant generalization of the centre of sym-
metry of a circle, or an ellipse, which extends to higher dimensional
smooth closed submanifolds of R™.

On the other hand, the centre of a circle or an ellipse in R? can also
be described as the “envelope” of all straight lines connecting pairs of
points on the curve with parallel tangent vectors.

For a generic smooth convex closed curve, this set, the envelope of
all straight lines connecting pairs of points on the curve with parallel
tangent vectors, is not a single point, but forms a curve with an odd
number of cusps, in the interior of the smooth original curve.

This singular inner curve has been known as the “centre symmetry
set” of a smooth closed curve on the plane since the work of Janeczko,
over a decade ago, and is a natural affine-invariant generalization of the
centre of symmetry of a circle, or an ellipse, which extends to higher
dimensional smooth closed submanifolds of R" [16].

However, except for circles or ellipses, when both symmetry sets are
the same point, the Wigner caustic and the centre symmetry set of a
smooth convex closed curve are not the same singular curve. Instead,
the Wigner caustic is interior to the centre symmetry set and the cusp
points of the inner curve touches the outer one in its smooth part.

A new, more complicated curve, containing the Wigner caustic and
the centre symmetry set, can be defined in a single way and this
affine-invariant definition extends to an arbitrary smooth closed m-
dimensional submanifold M of R" for n < 2m. We call this new set,
the “Global Centre Symmetry” set of M.

In fact, our definition is only a very slight modification of a defini-
tion already introduced and used by Giblin and Zakalyukin [10]-[12] to
study singularities of centre symmetry sets of hypersurfaces. A key no-
tion in their definition is that of an affine A-equidistant to the smooth
submanifold, of which the Wigner caustic is the case A = 1/2. The sin-
gularities of these A\-equidistants are then fundamental to characterize
the Global Centre Symmetry set and its singularities.
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In this paper, we present a new method that is suitable for studying
the singularities of affine A-equidistants Fy(M), VA € R, and the affine-
invariant GC'S(M) of a smooth closed submanifold M™ C R™, n < 2m.
However, the more general study shall be published elsewhere [7]. Here,
we focus on the extreme case n = 2m. More particularly, in this paper
we focus on the case when L is a smooth closed Lagrangian submanifold
of the affine symplectic space (R*™,w), where w denotes the canonical
symplectic form. This Lagrangian case is particular in various respects.

From a physical standpoint, this is the setting where Wigner caus-
tics were first defined, from the semiclassical limit of Wigner functions,
which are important in semiclassical dynamics [3][17][19][21]. It is
therefore natural to investigate in detail the singularities of the Wigner
caustic of a closed smooth Lagrangian submanifold L of arbitrary di-
mension, particularly the yet little studied case of a Lagrangian surface.
Then, given the neat geometrical character of the full Global Centre
Symmetry set, it is natural to extend these investigations, when L is
Lagrangian in (R*" w), to the singularities of GC'S(L).

From a mathematical standpoint, because this is the extreme case
n = 2m, the notion of a pair of points on L™ with parallel tangent
subspaces is more amply generalized and we can study all the cases of
“degree of parallelism”, running from 1 to m. Also, this is the setting
where generating functions and generating families are more naturally
defined, but, because we have to cope with a symplectic structure on
R?™ and use generating families, the correct definition of an equivalence
relation for the singularities of GC'S(L) is more subtle.

This paper is organized as follows. In section 2 we present the def-
inition of the Global Centre Symmetry set. This section also contains
the basic definitions of degree of parallelism, affine equidistant, Wigner
caustic, centre symmetry caustic and criminant. In section 3 we define
A-chord transformations which are used to define a general characteri-
zation and classification for affine equidistants.

In section 4 we define the generating families for these affine equidis-
tants and relate their general classification to the well known classifi-
cation by Lagrangian equivalence [2]. This is then used in section 5 to
obtain the classification of all stable singularities of all affine equidis-
tants of any generic Lagrangian submanifold.

Thus, theorem 5.1 states that any caustic of stable Lagrangian sin-
gularity is realizable as Fy(L), for some Lagrangian L C (R*™ w), and
corollaries 5.2 and 5.3 specialize this theorem to the cases when L is a
curve or a surface, respectively. In the first case, generic singularities
are cusps, while, in the second case, they can be cusps, swallowtails,
butterflies, or hyperbolic, elliptic and parabolic umbilics.
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The following three sections are devoted to the singularities of the
Global Centre Symmetry set. In section 6 we give a geometric charac-
terization for the criminant of GC'S(L) similar to results in [10]-[12] for
hypersurfaces. In section 7 we introduce the equivalence relation (also
as an equivalence of generating families) that allows for a complete
affine-symplectic-invariant classification of the stable singularities of
GCS(L). We show that only singularities of the criminant, the smooth
part of the Wigner caustic, or tangent union of both, are stable.

Finally, section 8 is devoted to the study of the GCS of Lagrangian
curves. First, we state two theorems for the GCS of convex curves in
R? when no symplectic structure is considered. The results presented
in theorem 8.1 are not new ([3], [16], [9]-[13]), but they are proved in
the appendix using a method that is entirely original and twin to the
method used in the Lagrangian case. In the second theorem, the in-
equality on the number of cusps of the CSS and the Wigner caustic,
although straightforward from the results in [9], had not been men-
tioned before. Pictures illustrate these theorems. Then, we specialize
the results of section 7 to the case of Lagrangian curves, showing that
most of the singularities which were affine stable when no symplectic
structure was considered are not affine-Lagrangian stable. In other
words, there is a breakdown of their stabilities due to the presence of
a symplectic form, similarly to some results presented in [4]-[6].
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ulating discussions and invaluable remarks that greatly contributed to
this paper. We also thank P. Giblin and S. Janeczko for stimulating
discussions. W. Domitrz thanks M.A.S. Ruas for invitation and hospi-
tality during his stay in Sao Carlos. P. de M. Rios thanks S. Janeczko
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2. DEFINITION OF THE GLOBAL CENTRE SYMMETRY SET.

Let M be a smooth closed m-dimensional submanifold of the affine
space R™, with n < 2m. Let a,b be points of M.

Top R"2 224+ (a—b) €R"
is the translation by the vector (a — b).

Definition 2.1. A pair of points a,b € M (a # b) is called a weakly
parallel pair if

TaM + Ta_b(TbM) 7é R"™.
codim(T, M+7,_(T,M)) in T,R™ is called a codimension of a weakly
parallel pair a,b. We denote it by codim(a, b).
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A weakly parallel pair a,b € M is called k-parallel if
dlm(TaM N Tb,a(TbM)) =k.
If £ = m the pair a,b € M is called strongly parallel, or just parallel.
We also refer to k as the degree of parallelism of the pair (a,b) and

denote it by deg(a,b). The degree of parallelism and the codimension
of parallelism are related in the following way:

(2.1) 2m — deg(a,b) = n — codim(a, b).

Thus, for a Lagrangian submanifold, the degree of parallelism and
the codimension of a weakly parallel pair coincide.

Definition 2.2. A chord passing through a pair a, b, is the line
l(a,b) ={z € R"|x = Aa+ (1 — A\)b, A € R},
but we sometimes also refer to [(a,b) as a chord joining a and b.

Definition 2.3. For a given \, an affine A-equidistant of M, E)(M),
is the set of all x € R™ such that = Aa+(1—\)b, for all weakly parallel
pairs a,b € M. E\(M) is also called a (affine) momentary equidis-
tant of M. Whenever M is understood, we write F) for E\(M).

Note that, for any A\, E\(M) = E;_x(M) and in particular Ey(M) =
Ey(M) = M. Thus, the case A = 1/2 is special:

Definition 2.4. E, (M) is called the Wigner caustic of M.

Remark 2.5. This name is given for historical reasons [3][17].

The extended affine space is the space R*™! = R xR with coordinate
A € R (called affine time) on the first factor and projection on the
second factor denoted by 7 : R 5 (A, x) — z € R".

Definition 2.6. The affine extended wave front of M, E(M), is
the union of all affine equidistants each embedded into its own slice of
the extended affine space: E(M) = J, g {A} x Ex(M) C R

Note that, when M is a circle on the plane, E(M) is the (double)
cone, which is a smooth manifold with nonsingular projection 7 every-
where, but at its singular point, which projects to the centre of the
circle. From this, we generalize the notion of centre of symmetry.

Thus, let 7, be the restriction of 7 to the affine extended wave front
of M: 7, = 7m|g(uy. A point € E(M) is a critical point of 7, if the
germ of 7, at x fails to be the germ of a regular projection of a smooth
submanifold. We now introduce the main definition of this paper:

Definition 2.7. The Global Centre Symmetry set of M, GCS(M),
is the image under 7 of the locus of critical points of ,.
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Remark 2.8. The set GCS(M) is the bifurcation set of a family of
affine equidistants (family of chords of weakly parallel pairs) of M.

Remark 2.9. In general, GC'S(M) consists of two components: the
caustic X (M) being the projection of the singular locus of E(M) and
the criminant A(M) being the (closure of) the image under =, of the
set of regular points of E(M) which are critical points of the projection
7 restricted to the regular part of E(M). A(M) is the envelope of the
family of regular parts of momentary equidistants, while ¥( M) contains
all the singular points of momentary equidistants.

The above definition (with its following remarks) is only a very slight
modification of the definition that has already been introduced and
used by Giblin and Zakalyukin [10] to study centre symmetry sets of
curves on the plane and surfaces in 3-space. However, in our present
definition the whole manifold M is considered, as opposed to pairs of
germs, as in [10], and weak parallelism is also taken into account. Of
course, slightly modifying their nice definition was the easy part. On
the other hand, considering the whole manifold in the definition leads
to the following simple but important result:

Theorem 2.10. The Global Centre Symmetry set of M contains the
Wigner caustic of M.

Proof. Let x be a regular point of E%(M) Then z = 3(a +b) for a
weakly parallel pair a,b € M. It means that x is a intersection point of
the chords [(a,b) and (b, a). The extended wave front E(M) contains
the sets

(M Aa+ (1= ) eR), {(\(1—Na+Ab)A € R}

If (1, z) is a regular point of E(M) then the above sets are included in
the tangent space to E(M) at (3, ). It implies that a fiber {(X, z)|\ €
R} is included in the tangent space of E(M). Thus if (1, z) is a regular
point of E(M) then z is in the criminant A(M). If (3,z) is not a
regular point of E(M) then z is in the caustic X(M). O

Remark 2.11. As we shall see later (section 8), when we give a bet-
ter characterization of A(M), apart from the cases considered in the
previous remark most often (3,z) € E(M) is not a regular point of
E(M) (but the fact that x € ¥(M) cannot be seen by purely local
considerations). In view of this fact, we divide the caustic 3(M) into
two parts: The Wigner caustic Fj/,(M) and the centre symmetry

caustic X/(M) = X(M) \ Eyjo(M).
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As noted in the introduction, the study of Wigner caustics goes back
more than 30 years and F/5(M) can be described in various ways:

Let M be a smooth convex closed curve on the plane and take two
nearby points on M. There is only one chord connecting these two
points (with nonparallel tangent vectors), whose midpoint z lies close
to M. Conversely, for such a point x, inside but close to M, there is
only one chord connecting two points of M for which z is its midpoint.
As the neighboring points are moved further away from each other, the
midpoint of the chord connecting these points moves further inside of
M. When the two points have parallel tangent vectors, x € E/o(M).
As x moves inside Fyo(M ), there are three chords connecting nonparal-
lel pairs of points on M having x as their midpoint (when z € E;/5(M)
two of these three chords coalesced into one) [3].

One way to find a chord connecting points on M given a midpoint x
is by reflecting M through x and looking for the intersection points of
M and its reflected image R, M (these are pairs of endpoints of each
chord). Again, the number of intersection pairs change as x crosses the
Wigner caustic and, when z € Ey/5(M), there is a point (or a pair of
points) on M where M and R, M are tangent [17].

Still another way to search for Eyo(M) is to look at the area of the
planar region enclosed by M and a chord as a function A of the chord’s
midpoint z and search for the points where the hessian determinant
blows up. Alternatively, a more precise and complete description is
obtained by considering this area as a function A of a point x on the
chord and a variable k locating one of the endpoints of the chord on
the curve. Regarding = as parameter, A(x, k) is a generating family
for which Ej/5(M) is its bifurcation set. Because of this description,
E1)5(M) is also known as the “area evolute” of M [3, 13].

The first description of Ej/o(M) can in principle be generalized to
any smooth closed m-dimensional submanifold M of R?™,

The second description can be generalized to any smooth closed m-
dimensional submanifold M of R?™ and it can be further generalized to
any smooth closed m-dimensional submanifold M of R", for n < 2m,
so that, when & € FE,5(M), there is a point (or pair of points) on
M where M and R, M are tangent in at least 2m — n + 1 directions.
Moreover, in this more general setting, there is a way to encode these
reflection maps in a transformation of the space R™ x R™, which can
be generalized for any A # 0,1 and used to characterize all sets Ey(M)
in a simple way, as explained below in the next section.

A way to generalize the third description is to focus on the case when
L is a smooth closed Lagrangian submanifold of R*™ with canonical
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affine symplectic structure. In this case, a generating family closely
related to A and A, above, generalize to generating families for every
E\(L), in each degree of parallelism, as done in section 4, below.

3. A>-CHORD TRANSFORMATIONS

For A = 1/2, there is a well known procedure, sometimes known
as the centre-chord change of coordinates, sometimes as the midpoint
transformation, hereby also called the “%—chord transformation”, which
encodes the midpoint reflections referred to above in such a way as to
facilitate the description of the Wigner caustic [20].

Consider the product affine space: R™ x R™ with coordinates (x,,x_)
and the tangent bundle to R": TR" = R" x R" with coordinate system

(x,2) and standard projection
pr:TR" 5 (z,%) — z € R".
Then, there exists a global linear diffeomorphism

zt 42 ot —a
2 2

F1/2 R" < R" 3 (.’L'+,£U7) — (

with inverse

[h: TR S (2,8) = (v + &2 —3) = (zF,27) € R" x R™.

This map I'; /5 is the %—ChOI‘d transformation, which we now generalize.

Below, we state this generalization in the case R" = R?™, for better
reference throughout the paper, but stress that this generalization and
most of what follows apply to general R™, as done in [7].

Definition 3.1. VA € R\ {0,1}, a A\-chord transformation
VL0000 R?*™ x R*™ — TR*" | (z%,27) > (z,1)

is a linear diffeomorphism generalizing the half-chord transformation,
which is defined by the \-point equation:

(3.1) r=Mtt + (1= Nz,
for the A\-point x, and the general chord equation:
(3-2) & —pNz=pA)(a" —27),

where p : R\ {0,1} — R is such that p(A) # 0, for A # 0,1, and
p(1/2) =1/2, and p: R\ {0,1} — R is such that u(1/2) = 0.

If £ =0, Wopn) = Yy is a faithful A-chord transformation. If
p(A) # 0, for X # 1/2, W, 5, is a tilted A-chord transformation.
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The inverse equations to (3.1) and (3.2) are given by

S ST TIEENY- GO DR

33) v <1 (1 A)p(A)) T
- WY, A
&4 ! ‘(”Apm) o

Remark 3.2. If U, is a faithful A-chord transformation, for every
affine transformation on R*™, z% — Az*+a, with A € GL(2m,R) and
a € R?*™ the induced affine transformation on TR?™ is A-independent,

(3.5) A:TR* — TR* | (z,%) — (Az + a, A) .

Equivalently, the image of the diagonal of R*™ x R*™ by W) is the
zero section of TR*™ VA € R\ {0,1}.

If W00 is a tilted A-chord transformation, the image of the diag-
onal of R¥™ x R*™ by W\, Is the tilted section {(z, & = p(\)z)} of
TR?>™ and the induced affine transformation on TR?™ is A-dependent,

(3.6) K TR*™ — TR*™ | (x,3) — (Ax + a, A + p(N)a) .

Note, however, that if one considers a linear (a = 0) transformation on
R2?™ the induced linear transformation on TR?™ is A-independent.

Among the faithful A-chord transformations, the choice p(\) = 1/2
is standard and, in this case, the A-chord transformation is denoted by
'y and is bijective VA € R. This is the transformation used in [7].

The reason for considering tilted A-chord transformations shall be-
come clear in the next section. Among the tilted A-chord transforma-
tions, the most special one, in the case of Lagrangian submanifolds, is
the choice p(A\) = 2A — 1 and p(A) = 2A(1 — A). For this choice, the
tilted A-chord transformation shall be denoted by ®,. Explicitly,

Oy R*™ x R*™ 3> (2F,27)  (2,4) € TR*™
is given by the A-point equation (3.1), for x, together with
(3.7) T=Xxt —(1-Nz",
so that @;1 is given by:

I _ =T

(3.8) x 0 ¢ TSR

Now, let L be a smooth closed Lagrangian submanifold of the affine
symplectic space (R?*™, w) and consider the product Lx L C R*™xR?*™,
Let L)\ denote the image of L x L by a A-chord transformation,

Ly = Yuypon (L X L)
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which is a 2m-dimensional smooth submanifold of TR?*™.
Then we have the following general characterization:

Theorem 3.3. The set of critical values of the standard projection
pr: TR*™ — R*™ restricted to L, 15 Ex(L).

Proof. Let a belong to the set of critical values of pr| Lonpn- 16 means
that dim T(q.4)Lu0)p00) N Taaypr—*(a) is positive. Let vy, , vy be a
basis of T(q,4)Lu(x)p(x )ﬂT(a,a)pr '(a). Then these basis has the following

form v; = mel O‘ﬂaz \(a,0) for 7 =1,--- k. By (3.3) and (3.4) we get

that fore=1,---,2m
0 0
(050 25,7

(o). (aa ) oy

and it follows that (\IJ;(l/\)p(/\))*(vj) ﬁ(v}r +v; ), where

y"‘

2m n
’U;_ = (1 — )\) Zaﬁa%rb* c Ta+L , ?Jj_ = —AZO{7¢%|G c TafL.
i=1 i i=1 i
It implies that U;L € To+ L N 7(qt—q\Ty-L for j = 1,--- k. Thus
Tot L + Tiat—oyTo- L # To+R™ and consequently at,a” is a weakly
parallel (k-parallel) pair. Hence a = Aa™ + (1 — A\)a™ belongs to E).
Now assume that a belongs to E). Then a = Xa™ + (1 — N)a~
for a weakly k-parallel pair a™, a‘. Thus there exist linearly inde-

pendent vectors v;-r = mel ozﬂa 7 lot € Tyt LN T(q+—qyTo-L for j =

1,---,k. Consider linearly 1ndependent vectors v; = (\IJM(A)p( )« ((1 =
/\)vj — M{g——atyv]) for j = 1,--- k. It is obvious that v; belongs
t0 Tla,a) L) p(r and pri(v;) =0 for j=1,...,k Thus a is a critical

value of p7”|£u(x)p<x) A

Remark 3.4. For the characterization of E\(L), the distinction be-
tween faithful and tilted A-chord transformations is meaningless.

For local classification of singularities, we introduce the the following
definition. Again, let L and L be smooth closed Lagrangian submani-
folds of the affine symplectic space (R?*™,w) and let

Lot = Yaupon (L X L) Loy = Yaopon (L x L)
where W,)),() is a A-chord transformation.

Definition 3.5. E,(L) and E\(L) are U, (npn-chord equivalent if
there exists a fiber- preserving diffeomorphism-germ &£ of TR*™ which
maps the germ of £, y to the germ of E,u,()\)p()\)y as germs of La-
grangian submamfolds for suitable symplectic forms on TR®*™, so that
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the following diagram commutes (vertical arrows indicate germs of dif-
feomorphisms):

Ve xL pr
LxLC R xR s TR2" —, R2m
! N3 !

o Ve g e pr
LxLC R¥ xR — TR2" —, R2m

Whenever W, 5,0\ is subtended, W, y),(x)-chord equivalence is simply
called A-chord equivalence.

For global invariance considerations we also introduce the following
definition, which relates invariance of the chord-classification under a
group G-action on R?>™ with G-equivariance of the above diagram.

Definition 3.6. Let L and L’ be smooth closed Lagrangian submani-
folds of the affine symplectic space (R*™, w) and let G be a Lie group
acting properly on R?*™ so that L' is the image of L by the action
o, R?™ — R*™ of some g € G. We say that the classification of the
singularities of Ex(L) by V,po-chord equivalence is G-invariant
if, Vg € G, the following diagram commutes (vertical arrows indicate
global diffeomorphisms):

Ve pr
LxL C R xR>™ . TR>™ —, R
g X ag | l%\ | oy
Ve pr

I'x L C RQm % R2m _ T]R2m _ RQm
where 9;\ is fiber-preserving.
The following statement is immediate (see remark 3.2):

Proposition 3.7. The classification of the singularities of Ex(L) by
A-chord equivalence is affine symplectic invariant, that is the group G
in the definition 3.6 above being the affine symplectic group.

The above theorem, proposition, definitions and remarks set up
the characterization and classification of singularities of E\(L), for a
smooth closed Lagrangian submanifold L of (R*™ w). In fact, most of
what has been defined above generalizes to non Lagrangian cases [7].

However, the fact that L is a Lagrangian submanifold of the affine
symplectic space (R?*™ w) forces us to consider suitable symplectic
forms on TR?™ very carefully and limits the kinds of diffeomorphism
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germs £ that can be used in definition 3.5, for A-chord equivalence.
When no symplectic structure is considered, the diffeomorphism-germ
€ in definition 3.5 is of the general form

(3.9) & TR™ 5 (z,4) — (X (2), X Nx, &) € TR®™,

but in the lagrangian case, further restrictions apply.

On the other hand, the fact that L is a Lagrangian submanifold of
the affine symplectic space (R®*™,w) also allows us to relate this new
notion of A-chord equivalence to the well-known notion of Lagrangian
equivalence and, in so doing, define very useful generating families for
every F)(L), in each degree of parallelism, as presented below.

4. GENERATING FAMILIES

Let (R?™,w) be an affine symplectic space with canonical Darboux
coordinates p;,¢;, so that w = """ dp; A dg;, and let L be a smooth
closed Lagrangian submanifold of (R*™, w).

The purpose of this work is to describe the singularities of GC'S(L).
To do so, we generalize to any A € R\{0, 1} another construction that is
well known for A = 1/2 (for this case, see for instance [20]). This other
generalization amounts to correctly weighting the symplectic form on
each copy of R?*™ to be consistent with A-chord transformations.

Thus, for a fixed A € R\ {0, 1} we consider the product affine space
R2?™ x R?™ with the symplectic form

(4.1) Sw =2\ 1w — 2(1 = A\’ mw |

where m; is the projection of R?™ x R?™ on i-th factor for i = 1, 2.
Now, let W,\),00) be a A-chord transformation (3.1)(3.2). Then,

-1 *
<\I]u(k)p(A)> (Ow) = Quypey =

(42) = (%) W+ 2 ((m —1)— %Mm) priw

where pr : TR?>™ — R?™ is the standard projection and w is the canoni-

cal symplectic form on the tangent bundle to (R?*™, w), which is defined
by w(x,z) = d{Zw}(z) or, in Darboux coordinates for w, by

(4.3) &= dp; Adg; + dp; Add; .

i=1
For the standard A-chord transformation (u(A) =0, p(A) = 1/2),
(4.4) (T3 (6w) = 4A1 =N + 2(2A — Dpriw .
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On the other hand, if we consider the tilted A-chord transformation
defined by (3.1) and (3.7), which is given by the choices p(A) = 2\ —1
and p(A) = 2A(1 — \), we obtain the A-independent form

(4.5) (@31 (6w) = .

The pair (TR*" &) is the canonical symplectic tangent bundle of
(R*™ w) and is, thus, a 4m-dimensional symplectic space. Similarly,
for any other W ,,\),(n), the pair (TR*™, Q,\)y\)) defines a noncanonical
symplectic tangent bundle of (R*™, w), also a 4m-dimensional symplec-
tic space. Note that €,y satisfies €,x1/2)5(1/2) = w.

Remark 4.1. The vertical subspaces of TTR?"™ are Lagrangian for
Qu0p00), as one can see from the explicit expressions (4.2) and (4.3),
which means that pr : TR?>® — R?" defines a Lagrangian fiber
bundle with respect to 2,1, i.e. a fiber bundle whose total space is
equipped with a symplectic structure and whose fibers are Lagrangian
submanifolds [2]. This follows from the weights in (4.1) for dyw.

In order to understand the ideology of this present construction, let’s
first focus attention on the case A = 1/2. Consider a Lagrangian sub-
manifold Ay, C (R?™ x R?*™ 6, /ow) that is a graph onto the first factor
of (R*™xRR*™ §; w). Then, Ay s is the graph of a symplectomorphism,
or a canonical transformation ¢ : (R*™, w) — (R*™ w), ¢*w = w.

For the %—ChOI‘d transformation I'y o, if £1/2 = I'1/2A1 /5 is locally a
graph over the zero section of (TR*" &), then this canonical transfor-
mation (R?*™ w) — (R*™,w), x~ +— z, can locally be “described” by
the midpoint x = (z + x7)/2, that is, this canonical transformation
can locally be described by a generating function of the midpoints.*

This midpoint description generalizes for when A;/, is not a graph
onto the first factor of (R*" x R*™, §; ow), but is still Lagrangian . In
this case, Ay defines a canonical relation on (R?*™ w) and, if Lijp =
'y 2\ /2 is locally a graph over the zero section of (TRQ’”, W), then this
canonical relation Ay /o = {(2™,27)} can locally be “described” by the
midpoints, that is, by a generating function of the midpoints, given the
Lagrangian fiber bundle pr : (TR*™,w) — R?*™ (see [20]).

Clearly, if L is Lagrangian in (R*",w), then L x L = {(z%,27)}
defines a relation on (R?™,w). If we want to “describe” this relation by
the midpoints, we endow the product space with the symplectic form
d1/ow which makes L x L = A/, a canonical relation on (R?™ w).

However, if we now want to “describe” the relation {(x*,27)} by
another A-point x = Az™ + (1 — A\)a~ on the chord joining the pair

ISuch a midpoint description was first introduced by Poincaré [18].
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(x*,27), this relation cannot be canonical anymore. In other words, if
we want to describe the relation L x L = {(x*,27)} by a generating
function of the A-points x = Az™ + (1 — X)z~, for some X\ # 1/2, we
must now weight differently the symplectic form w on the two copies
of R?™ in such a way as to account for the fact that we are describing
the relation on (R®*™ w) in an asymmetrical way. The weights given in
formula (4.1) for dyw correctly account for this asymmetry.

Definition 4.2. For each A € R\ {0,1}, a Lagrangian submanifold
Ay C (R*™ x R?™ § w) defines a A-weighted symplectic relation
on (R?™ w). In particular, if L is a Lagrangian submanifold of (R*™, w),
then L x L = A, defines a A-weighted symplectic relation on (R*™, w).

Now, if W,,(x),(n) is @ A-chord transformation, let

Lo = Yuye (L x L).

If £,,5)p(n) 18 locally a graph over the zero section of (TR?*™, Qe
then £, can locally be “described” by the A-points x = Aa™ +
(1 — X)z—, that is, by a generating function of these A-points.

In other words, £, = Yo (L x L) is a Lagrangian submani-
fold of the 4m-dimensional symplectic tangent bundle (TR*™, Q1))
which, with its standard projection pr : TR*™ — R?*™_ is a Lagrangian
fiber bundle.

The restriction of the projection of a Lagrangian bundle to a embed-
ding Lagrangian submanifold in the total space of this bundle is called
a Lagrangian map [2]. So we obtain the following result.

Proposition 4.3. pr|£u<A)p<A> C L0 — R2™ is a Lagrangian map.

The set of critical values of a Lagrangian map is called a caustic
and from Theorem 3.3 we have

Corollary 4.4. The caustic of pr|, is Ex(L).

m(X)p(N)

Definition 4.5 ([2]). Two germs of Lagrangian fiber bundles are La-
grangian equivalent if there exists a fiber-preserving diffeomorphism-
germ of the bundle spaces mapping one symplectic structure to the
other. Two germs of Lagrangian maps are Lagrangian equivalent
if there exists a Lagrangian equivalence of the corresponding germs of
Lagrangian fiber bundles that sends the domain of the first map to the
domain of the second.

A Lagrangian map-germ at a point is said to be Lagrangian stable
if for every map with the given germ there is a neighbourhood in the
space of Lagrangian maps (in the topology of the convergence with a
finite number of derivatives on each compact set) and a neighbourhood
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of the original point such that each Lagrangian map belonging to the
first neighbourhood has in the second neighbourhood a point at which
its germ is Lagrangian equivalent to the original germ.

Remark 4.6. For A # 0,1, note that the A-dependent affine bijec-
tion TR?*™ — TR*™ (z,%) — (m,%), relating the tilted and
the (standard) faithful A-chord transformations ®, and I'y, defines a
Lagrangian equivalence between (TR?*™ (T'y")*(0yw)) and (TR*™, 0).
More generally, the distinction between faithful and tilted A-chord trans-
formations looses meaning via Lagrangian equivalence.

In view of remarks 3.4 and 4.6, in the remaining of this paper we only
use the tilted A-chord transformation ®, defined by (3.1) and (3.7) and
only consider the canonical symplectic tangent bundle (TR*™, w). The
only exception is the appendix, where we study curves in nonsymplectic
plane and use, instead, the standard chord transformation.

So, let L and L be smooth closed Lagrangian submanifolds of the
symplectic affine space (R*™ w) and let

;C)\:(I)A(LXL),E)\:(D,\(ZXE),

be the corresponding smooth closed Lagrangian submanifolds of the
canonical symplectic tangent bundle (TR*™, ), where

P, : R*™ x R*" — TR
(2t 27)— T+ (1= Na, at —(1—Nza7).

Definition 4.7. F)\(L) and E,(L) are Lagrangian equivalent if the
Lagrangian maps pr|., and pr| g, are Lagrangian equivalent.

Remark 4.8. Lagrangian equivalence of affine A-equidistants, as de-
fined above, fulfills all the requirements for A-chord equivalence of affine
A-equidistants, as in definition 3.5. We shall therefore use this well-
known notion of Lagrangian equivalence for the classification of Ey(L).

It follows from above definitions and remarks and proposition 3.7:

Corollary 4.9. The classification of Ex(L) by Lagrangian equivalence
is affine symplectic invariant.

Definition 4.10. From the above corollary, we also use the terms
affine-Lagrangian equivalence and affine-Lagrangian stability
for Lagrangian equivalence and Lagrangian stability (definition 4.5) of
an affine equidistant Fy of a Lagrangian submanifold L C (R*™ w).
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We now rely on the well known fact that any smooth Lagrangian
submanifold L of a symplectic affine space can be locally described as
the graph of the differential of a certain generating function.

Thus, let Lt and L~ denote germs of L at the points a™ and a~.

Proposition 4.11. If the pair a™,a~ is k-parallel (k =1,--- ;m) then
there exists canonical coordinates (p,q) on R*™ and function germs S+
and S~ such that

0ST

(46) LJr:pi:a_qi(ql?'“a%’n)a fori:1,~--,m

(4.7)
L - bj = %(qla"'>qkapk+1a"'>pm), fO?"jzl,--- ,k”
a@ = _%(QM y Qky P41, " * 7pm)7 fOTl:k'—{—l, ,m

andd?SJr(q;"l7 e 7q:’m) =0 cmdd25'*(p;1, ce ,p;kaq;ker e ap;m> -
0, where a®™ = (pf,qF) and a= = (p;,q; ).

Proof. We can find a linear symplectic change of coordinates such that
the tangent (affine) spaces have the following form T,+ L™ = {p = p]'},
where a = (pi,q7) and T,-L™ = {p1 = p, 1, sPk = Dojr Qo1 =
Quji1r " sdm = Gum), Where a= = (p,,q, ). Since L is a smooth
Lagrangian submanifold, it follows from standard considerations that
it can be described locally by differentials of generating functions of

the forms stated above in neighborhoods of a™ and @, in which case
we have that d2ST|a* = d?S~|a™ = 0. O

From the above, we state the main result of this section, which shall
be used in all that follows.

Let the arguments of the function S* be denoted by (¢;, - -+ , ¢;,) and
the arguments of the function S~ by (¢, -+, ¢, Ppy1> > Pm)- Let
q=(q1," " qm), p=(P1, ,Pm)s 4= (41, sGm), D= (P1," "+ Pm)-

Also, let 3= (B, ,Bm) and, for any k < m, let [k] ={1,--- ,k},
so that By = (61, -+, Bk), and apapr) = (g1, -+ 5 Om)-

Let L™ x L~ denote the germ of L x L at the point (a*,a™) € Lx L so
that £, = @, (LT x L) is the germ at (a, a), where a = Aat+(1—\)a™,
a=MXa" — (1 —\)a", of a smooth Lagrangian submanifold of the 4m-
dimensional symplectic tangent bundle (TR?*™,w).

The restriction to £y of the projection pr : TR*™ — R?™ defines a
germ of Lagrangian map and we have the following result:

Theorem 4.12. If the pair a™,a” is k-parallel and L™ and L~ are
given by (5.3) and (5.4) then the germ of Ly at (a,a) is generated by
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the germ of the generating family F\ which is given by
(4.8) FX(p, @, Q1) B) =

2)\25+ (%3) —2(1— )\)25_ (qm—ﬁ[kl vﬁ@*fv]ﬂ[m}\[k])

k
— Yo Pibi + 5 2T 40 — B — By — pig

Proof. We show that

(4.9)
. . OF\ OF\ OF\  OF\
— : 3 = — = — = — .
£z\ {(p7q7p7Q) (O{,ﬁ), p aq y 4 ap ) Oov 85 0}

We have fori =1,--- Jkand j=k+1,---,m

(4.10)
.\ 08T (q+p OS5~ (aw) — Bir> Pimi\[K] — Qmi\[k)
o [ (1 —
P Aaﬁ( 23 ) ( A)aq;( 21—\ ’
. oSt (q+ 3 1
4.11 = A () + 2 (e — py
(4.12) G = bi,
. IS~ (qw) — Bik)> Prmp\ k) — k] | | L
(4.13) ¢ _(1—A)8p; ( 20— ) +500 + ),
(4.14)
OF) IS~ [ aw) — B> Pk — Qpm\i | | L
e et Flg-a)=0,
(4.15)
OF\ 0S* (q+p OS5~ (i) — Bk} Pom)\k] — ¥fm)\[K]
— A 1-\ —p; =
00; g ( 2\ H ) Jq; 2(1=X) pi =0,
OF,  9ST (q+8\ 1
4.1 = — ~(aj +p;) =0.
w10 G (1) st =0

By (4.12) we get §; = ¢; for i = 1,--- k. (4.13) and (4.14) imply
that §; = ¢; for j = k+1,--- ,m. By (4.11) and (4.16) we have o; = p;
for j =k+1,---,m. Thus we eliminate (o), 3).

Then (4.10) implies that for i =1,---  k
(4.17)

05T (q+4q 05~ () — 4y Pl \K) — Plm)\[¥

s () - (M)
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(4.15) implies that for i =1,--- |k
(4.18)
oSt (q+q OS™ ([ aw) — QK] Pim)\[K] — Plm)\[¥]
=A\— | — 11— .
aqr(%)” )aq;< 2(1 - A)

Di

By (4.11) and (4.16) we have for j =k +1,---,m

1 ST (q+q
4.19 Sy =22 (1T
(4.13) and (4.14) imply that for j =k +1,--- ,m
(4.20)
1 : OS™ [ quw) — dik) Pim\[k] — Plm]\[k]
i) = —(1— )\ .

If (p™,q7) (p~,q") are points in LT and L~ described by (5.3) and
(5.4) respectively then (4.17)-(4.20) describe £, in coordinates given
by (3.1)-(9.1). O

Remark 4.13. It is clear from the form of the generating family, given
by (4.8), that the degree of parallelism is the corank of the singularity
i. e. the corank of the Hessian of the function

R % 5 (pup g, B) = FaPas Gas @i 3) € R

Now, let x = (p,q). We recall that two germs of generating fam-
ilies ' = F(x,r) and G(z,k) are RT-equivalent if there exists a
fiber-preserving diffeomorphism-germ Z(z,k) = (¢(x),{(z,k)) and a
function-germ g such that F(z, k) = G(Z(z,k)) + g(x).

The families F and F with common parameters z but in general
with different spaces of arguments x and # are stably R™-equivalent
if there exist nondegenerate quadratic forms ¢ and Q (in the new
arguments) such that families F' 4+ @) and F + Q are R*-equivalent.

Theorem 4.14 ([2]). Two germs of Lagrangian maps are Lagrangian
equivalent if and only if the germs of their generating families are stably
R -equivalent.

Corollary 4.15. Let L and L be smooth closed Lagrangian submani-
folds of the symplectic affine space (R*™,w). Germs E\(L) and Ex\(L)
are Lagrangian equivalent if and only if the corresponding germs of

generating families for £y and Ly are stably R -equivalent.
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5. SINGULARITIES OF EQUIDISTANTS OF LAGRANGIAN
SUBMANIFOLDS

In this section we study the singularities of momentary equidistants
of closed Lagrangian submanifolds up to Lagrangian equivalence. Re-
mind that, for E(L), Lagrangian stability is affine-Lagrangian stability
(corollary 4.9 and definition 4.10). We have the following results:

Theorem 5.1. Any caustic of stable Lagrangian singularity in the
4dm-dimensional symplectic tangent bundle (TR*™ ) is realizable as
E\(L), for some smooth closed Lagrangian submanifold L in (R*™ w).

Corollary 5.2. For a smooth Lagrangian curve L, generic singularities
of Ex(L) are cusps. In the neighborhood of its reqular points, E\(L) is
a smooth curve in (R? w).

Corollary 5.3. For a smooth Lagrangian surface L, generic singular-
ities of Ex(L) can be cusps As, swallowtails Ay, butterflies As, hyper-
bolic umbilics D}, elliptic umbilics Dy , or parabolic umbilics Ds. In

the neighborhood of its reqular points, Ex(L) is a 3-dimensional smooth
submanifold of (R*,w).

The proof of Theorem 5.1 is based on the following description of
the stable Lagrangian singularities.

Theorem 5.4 ([2]). The germ at (xo, ko) of Lagrangian map (x, k) — x
given by a Lagrangian submanifold L* C (T*R™, Wean ),

where
O*F  O*F
rankieor) | 5z’ Brow

is equal to the dimension of k-space, is Lagrangian stable if and only if

(5.1) Sﬁ/<%> = 8panR{1,g—];(a:o,/i)},

where &, is the ring of germs at ko of functions in k, f(k) = F(xo, k)
and (0f/0k) denotes the ideal in &, generated by Of/Ok; for i =
1, 2m— k.

Remark 5.5. (5.1) means that F(z, k) + g is a R-versal deformation

of f(x) ([2])-
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First, we calculate the formula appearing in Theorem 5.4 for the spe-
cial case of the generating family F and the Lagrangian submanifold
Ly C (TR*™ &), given by theorem 4.12. For a fixed ), let z = (p, q)
and k = (o, #). From (4.8) we easily see that
O?F\ 0°F)y
Ok?’ OrOx
hence is equal to the dimension of k-space. The caustic of £, generated
by F\(z, k) is given by

OF) 02y
_ 2m _ _
(5.2) E\ = {:c e R | Ik = 0, det {3!@8/@} = O} :

By Proposition 4.11 we obtain that

(53) Zpaz 4q; _qaz +S+( qc—:_)

rank g q) [ ] =2m — k,

S_(Q[;],p[;n]\[k}) = Zpaz 4; qaz Z qaz i paz)+

i=k+1
+ 53_ (44 = G P[4~ P\ (1))

whereS; € m® (m is the maximal ideal of the ring of smooth function-
germs on R™ at 0).

We write the generating families in coordinates p = p—pq, ¢ = ¢—qa,
S =& —Pg, t = B — Ga, where a = (pa,qa); @ = (Pa,Ga). Then by
Theorem 4.12 we obtain

(54) F/\(ﬁ? 67‘971;) =

2M\28F (L) — 2(1 — X)2S5 (@m—tm yzlz[lm_J\A[)kl—S[mJ\[M)

— Y Biti + 3y G55 — Dits — Siti — i@ + Yoiey Paidi — Gaii
(5.5) s t) = F\(0,0,s,t) =
INZST (&) — 2(1 — NS5 ( 2(;8&)}\[&1> S

The ideal <i> is generated by the function germs (we let the indices
i=1,---k ; j=k+1,--- m )

Ofx 0S5 [t IS [ —lw), —Spm)\[K]
. S Nt I [ 1—
(5.6) ot; A dg;" \ 2\ =) 0q; 2(1—-N)
af 1 oSt [t
(5.7) o 23]+)\6q;“ )
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ofx _ 1 955 [ —tw): —Spm)\m
) —— =——t;+(1—-\
(5:8) 9s, ~ 2 TG, ( 2(1—N)
and partial derivatives with respect to the parameters at p = ¢ = 0 are
OF) .
(59) 8])1 (O O S t) —(ai — tl
OFy 1 055 [tk —Spm)\K
5.10 0,0,s,t Jaj — =t; — (1= A
310) 00,80 = iy 31, (- NP (e
(5.11)
OF) 95y 055 [tk —Spm\M
~ )1
5,000 =nae 50 (57) ~ 0950 (SRS
OF) , 1 0Ss
(5.12) 70, —(0,0,s,t) = po; + = 555t )\a ; (—)

In order to prove Theorem 5.1, we analyze separately the cases of
1-parallelism and 2-parallelism, in every dimension.

5.1. Singularities of E) for 1-parallelism.

Proposition 5.6. Any Ay singularity can be realizable as FEx(L), for
1-parallelism and k < 2m + 1.

Proof. We use the generating family of the form (5.4) for £ = 1. To
realize Ay singularity take the following function—germs

SH@) = Maf ) + 21“+Z >

S5 (G, Dy ) = —(1 — +Zpl )2,

Apgi41 singularity is realizable by the followmg function-germs
l
ST = MG+ (@)™ + > g @)
=2
S5 (G, Py Pm) = —(1 = N)(G1) +sz C)2i)

By long but straightforward calculations using (5.6)-(5.12) one can
check that (5.1) is satisfied. Theorem 5.4 completes the proof. O
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5.2. Singularities of £ for 2-parallelism.

Proposition 5.7. Any Dy, (k > 4) or Ey, (k= 6,7,8) singularity can
be realizable as E\(L), for 2-parallelism and k < 2m + 1.

Proof. In case of 2-parallelism we use the generating family of the form
(5.4) with £k = 2. The following singularities are realizable by the
following generating functions:

Dgl .

-1
STG) = MG+ @ (@) £ (@) + MG+ Z@‘tﬂ((’lj)%*l,
i—2

-2

S5 (s i) = —(L = A(@)° = (1= N)(@)* + D (@ ).

=2

D2l+1 :

ST =G ) + @ (@) £ (@)* + My +Zqz+1 (@)%,

-1

S5 (g ) = — (L= N)(@)° = (1= AN)(@)* + D i (@)Y,

E@ .
S;<Q~+) = ((.7?)3 + (Q~2 ) + /\Ql (MSF) + )\(52 ) +q (q;)QCH,
S5 (A P pz) = —(1 = N ()7 = (1 = N)(%)*.

E7 .
ST = (@) + @ (@) + Aay (@) + MG + (@)°d,
Sy (s Ppmppz) = —(1 = N (G2)? = (1=X)(3%)° + () 'Ps -

Eg :
ST(GT) = (@) + (@)’ + A6 (@) +Ma) + 6 (@)°a +a (65)°ar
Sy (C][Q] p[ }\[2}) —(1— )\)@1_((]2_)2 —(1- )‘)(QQ_) + (QQ_) Ps -

We use the method described in the proof of Proposition 5.6. By
long but straightforward calculations we obtain the result. U
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6. THE GCS OF A LAGRANGIAN SUBMANIFOLD: THE CRIMINANT

We now begin the study of singularities of the global centre symmetry
set of a smooth closed Lagrangian submanifold L C (R*™,w).
Remind that, in terms of the projection

(6.1) T RXR™ 3 (\1)—xeR™,

definition 2.7 states that GC'S(L) is the locus of critical points of 7|g(r)
where

(6.2) E(L) = | J{\} x Ex(L) CR x R*™ .

A€ER

From remarks 2.9 and 2.11, GCS(L) consists of two parts which can
be further refined to comprise three parts:

(i) the Wigner caustic E/y(L).

(ii) the centre symmetry caustic ¥'(L), consisting of the A-family
of m-projections of singularities of E(L), excluding the Wigner caustic.

(iii) the criminant A(L), being the m-projection of smooth parts of
the extended wave front (L) that are tangent to the fibers of .

The classification of the Wigner caustic of a Lagrangian submanifold
L has been mostly carried out in the last section, since the Wigner
caustic is the A = 1/2 affine equidistant. In a subsequent paper [8], we
study F2(L) in a neighborhood L, considered in a broader sense, that
is, considering pairs of points of the type (a,a) € L x L as strongly
parallel pairs. Then, in a neighborhood of L, we look for singularities
of the Wigner caustic that have maximal co-rank m, that is, that are
singularities of strong parallel pairs, for pairs of type (a,a).

In terms of the generating families of section 4, these must now have
the special (simplest) form

63)  Filp.a.6)= 55+ 5)~ 5505 Zm,

where S is the local generating function of a germ of the Lagrangian
submanifold L C (R?™,w). It follows immediately from (6.3) that

(64) F1/2(p7q7 _ﬂ) = _F1/2<p7Q7ﬁ)

and therefore only the generating families for singularities of co-rank
m which are odd functions of § should be considered, in this case.
This point had already been made in [17], but, in order to classify
such singularities, we must consider the condition of versality of un-
foldings in the category of odd functions [8]. Condition (6.4) for the
generating families implies Zs-symmetric singularities for the Wigner
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caustic on-shell. A first study of such symmetric singularities, for the
case of surfaces in nonsymplectic R*, is presented in [14].

In order to study the centre symmetry caustic ¥'(L) and the crimi-
nant A(L), the whole A-family must be considered together.

Due to the Lagrangian condition, we resort to a classification via gen-
erating families, as was done in sections 4 and 5 for the A-equidistants.
From results of the previous sections we know that F)(L) is the caustic
of the Lagrangian submanifold £, = ®,(L x L) in the Lagrangian fiber
bundle (TR*™, w) — R*™, where @) be the tilted chord transformation
given by equations (3.1) and (3.7), that is

®, : R*™ x R?*™ — TR>™ |
Oy:(zT, 27 )= (z,2) =Nt + (1 =Nz, " — (1= Nz7) .
By Theorem 4.12 the generating family for £, is given by F)\(p, ¢, o, 3)

of the form (4.8). Then the germ of E)(L) is described as in equation

(5.2), that is (for k = (o, B)),
OF O*F,
E)\(L) - {<p7 q) € R | El’% aﬁ 0’ det [aﬁiaﬁj] 0} ’

Since E(L) is the union of {\} x E\ we obtain that the germ of E(L)
is described in the following way.

Proposition 6.1. E(L) = {()\,p, q): Ik ‘98% =0, det [aiigzj] — ()},

We now find a Lagrangian fiber bundle and the germ of a Lagrangian
submanifold £ in this bundle such that E(L) is the caustic of L.
Lets us consider the fiber bundle

(6.5) Pr:T*R x TR*™ 3 ((\*,\), (5,4, p,q9)) — (A, (p,q)) € R x R™.
The above bundle with the canonical symplectic structure
dN* N dX\ 4+ w
is a Lagrangian fiber bundle. For F) given by (4.8) in theorem 4.12, let
F(A\p,q,,8) = Fx(p,q,a,5).
Then, for k = (o, 8) = (pp, B3) = (K1, , Kam—k), we have the
following immediate result:

Proposition 6.2. The germ of E(L) is the caustic of the germ of
a Lagrangian submanifold L of the Lagrangian fiber bundle (T*R x
TR* d\* A d\ + w) generated by the family F in the following way

(6.6)
OF oF OF OF

L":{(()\ 7)\)7(p7Q7p7Q)):E|H A :a_)\7 p:a_q7 q:_a_p7 %_

o}
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6.1. Geometric characterization of the criminant of the GCS
of a Lagrangian submanifold. Let L C (R*™ w) be a smooth closed
Lagrangian submanifold. Remind that the criminant A(L) is the (clo-
sure of) the image under 7, of the set of regular points of E(L) which
are critical points of the projection 7 restricted to the regular part of
E(L). That is, the criminant A(L) is the envelope of the family of
regular parts of momentary equidistants. We find the condition for the
tangency to the fibers of the projection 7 : (A, p,q) — (p, q).

The results stated in this section are also valid for the criminant of
the GCS of arbitrary smooth submanifolds [7], which generalize results
in [10]-[12] for hypersurfaces, but here we present the results for La-
grangian submanifolds and their proofs in terms of generating families.

Proposition 6.3. If (A, a) is a reqular point of E(L) then there exists
a 1-parallel pair a™,a~ such that a = Aa™ + (1 — N)a™.

Proof. (Aa,Pas qa) is a regular point of E(L) then the rank of the map

oF O*F
K (&()\a,pmqa, k), det {8/@8/@ (Aas Pas Gas m)])

is maximal 2m — k. It implies that corank [%()\a,pa, Qa, fia)} is 1.

By Remark 4.13 we obtain that a*,a™ is a 1-parallel pair. O
Proposition 6.4. Let (A, a) = (A4, Pa, Ga) be a regular point of B(L).
Then the fiber of m, is tangent to E(L) at (Aa, P, qa) if and only if
PF  O°F O*F
, = rank | ———
8)\8/@ 8/@8/{]‘ 8/@6/{]‘
at (Mg, Pas Qas Ka) Such that

oF 2F
a )‘m as Yay Na :O, det | =———%— /\a7 as Yas Na =0.
5 (Aar Pa da; Ka) e [a/{ianj( Pas 4 Fu)]

(6.7)  rank [ ] =2m —2

Proof. By Proposition 6.3 if (A, pa, ¢a) is a regular point of E(L) then
the rank of the map
oF O’°F
_)\maam 7dt—>\a7aaa7
BTSN K SN

is maximal 2m — 1. We also have that rank [%(Aa,pa,qa, ma)] is

2m — 2 which implies that one of the columns of this matrix is linearly
dependent on the others. For simplicity we assume that this is the first
column. Thus a rank of the map

2

OF 0°F
R = Y )\m asqayr ), det )\aa as Qa, K
(va—u\m( Par des ) [3&0@( Peod )D
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is maximal 2m — 1. By the implicit function theorem there exists a
smooth map germ K : R¥™*1 — R2m~1 at(\,, pa, qa), such that k =
K(A, p,q) if and only if

OF 0*F
A =0, det
( 7p7q7 K‘) 07 e af{/zal{]

o g, k)| =0.
OKppm—1)\[1] Ap.g )}

Then the germ of E(L) at(Aq4, pa, ¢.) has the following form:
~OF
i 8/%1

E(L) = {(A,p, 0: 20 KO ) = o} .

The fiber of m, is tangent to E(L) at (A, pa, ¢o) if and only if
0 (OF
ay \ 9 )\ ]C /\ )\m ayqa) = 07
R (&-@1( 1 ¢, K( ,p,Q))> (Aas Pas Ga)

which can be rewritten as

(6.8)
O*F L 9F K
8)\8%1 (Aaapaa Ga, "'ia) + ; W(Aaapm Ga, /fa)ﬁ(kaapm qa) = 0.

On the other hand, differentiating ﬁ()\, p,q, (N, p,q)) = 0 with

respect to A we obtain for ¢t =2,--- ,2m — 1
(6.9)
02 F ol F oK
)\a ay Yay va A A )\aa ay Yay va —Z )\aa as a) — Y.
aAam( ’pq"H;a@am( Pas Gas Fia) 53" (Aas Pas Ga) = 0

Thus (6.8)-(6.9) imply (6.7). On the other hand (6.9) and (6.7) imply
(6.8). 0

Theorem 6.5. The point a = Aat+(1—X)a~ belongs to the criminant
A(L) of the Global Centre Symmetry set of L if and only if there exists
a bitangent hyperplane to L at points a® and a™.

Proof. First assume that (), a) is a regular point of E(L). By Proposi-
tions 6.3-6.4 a+, a~ is a 1-parallel pair and a = (p, ¢) is in the criminant
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if and only if (), a) satisfies (6.7). Thus [ agji j} has the following form
- 0%St _ 92S— 928t . _9St  _ 9%S— ... _ _9%S— 7
(9¢)2  (9q7 )2 aqga% 8‘1%—8‘]77; 9q; Opy oq; Opm,
025+ i A -1 e 0
dqy day (9g3 )? a3 3qm
1 32§+ a2é+ . 825+ 0 .. _'1
92 dqy 8qm dqy dart, (9g:h)2
025~ -1 ... 0 CLN 025~
gy Opy (9p3 )2 Op; Opm
_ s 0 ... 1 s . _os
L 9q; Opm Opy Opm, (Opm)?
On the other hand
0’F Z 0?8 N 0?8~ N " 928~
= p1 4, G 4= P; a—7 =
OXIBy 7 0q70qf T (0qr)* 4= gy Op;
O*F 0?8+
+ + -
:pz_zq]ﬁv fOI‘Z:Q)"'ama
xop 7T 22 Bgtag
0’F L 0?8t N = D25+ for i — 9
= —_ ——— fori=2,---,m,
Oy G Op; 0g1 j=2 & Op; Ipy
where ¢7 = q;“/\ﬁ pt= gﬂ are coordinates of a™ € Lt and ¢; = %,
p[;n N = Plm ]\[2(]1 Oj\[;n]\_ s P = g:j*’ q[m]\[] 8}%2\[2] are coordinates
of a” € L™.
Then (6.7) is equivalent to
(6.10) (at—a”)eT+L"+T,- L,

25+
Jj=1 aq+aq+ 8:0

since T,+ L is spanned by vectors > " + 5= aq fori=1,---,m

- &S~ o Nx~m 928~
and T,- L~ is spanned by vectors (0a-)? B ZJ =2 By op; 8% + 8(11 and
95— 9 _ N~m_9%5- A _
Op; Oq; dp1 Z] 2 Op; 8p 8(1 + 9p; for i = 2

a®, a” is 1-parallel then (6.10) exactly means that there exists a
bitangent hyperplane to L' at a™ and to L™ at a~. By continuity, a
point in the closure of the set of points which satisfy (6.10) also satisfies
this condition. U

Corollary 6.6. If, for some A, the point a = Aa™+(1—MN)a~ belongs to
the criminant A(L) C GCS(L), then the whole chord l(a™,a™) belongs
to GCS(L). Equivalently, if there exists a bitangent hyperplane to L
at points a* and a~, then the chord l(at,a™) belongs to GCS(L).
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In view of these results, we now generalize the notion of convexity
of a curve on the plane.

Definition 6.7. A smooth closed Lagrangian submanifold L of the
affine symplectic space (R*" w) is weakly convex if there is no bi-
tangent hyperplane to L.

Corollary 6.8. If L is a weakly convex closed Lagrangian submanifold
of (R*™ w) then the criminant A(L) of GCS(L) is empty.

7. AFFINE-LAGRANGIAN STABLE SINGULARITIES OF THE GCS OF
LAGRANGIAN SUBMANIFOLDS

We now turn to the definition of an equivalence relation to be used for
the classification of the singularities of GC'S(L). Due to the Lagrangian
condition, we look for an equivalence of generating families.

Remind that, for the classification of E(A) and GCS(L), because A
is no longer fixed it has become an extra parameter that unfolds the
generating families F. The naive approach is to consider the extended
parameter space R x R*™ 5 (), x) for unfolding the generating families
and then classify their stable unfoldings in the usual way.

This approach, which treats A € R and x € R?*™ on an equal footing,

(A (p,9) = (N 2) =y € R,
becomes clearer if we change from tangent to cotangent bundle to R?*™,

(TR*™,&) 3 (9.4, p,q) — (0", ¢",p.q) € (T"R*™,weqn)

(7.1) p=-q, ¢=p,
where W,y is the canonical symplectic form on T*R"™, Vn, which is given

in terms of coordinates (y*,y) € T*R" by wean = Z dy; A dy;. Then,
i=1
(7.1) induces the symplectomorphism
(T*R x TR*™ d\* Nd\ + &) — (T*R*™™ wean)

so that, for F(\,p,q,,8) = F(y,k), y = (A, z), kK = (o, 3), we have
the analogous of proposition 6.2, namely, that the germ of E(L) is the
caustic of the germ of a Lagrangian submanifold £* of the Lagrangian
fiber bundle (T*R2?™ w.,,), which is generated by the family F in
the canonical way. In this setting, Lagrangian equivalence of E(L) and

E(L) is defined in terms of Lagrangian equivalence of £* and £* in the

usual way, which means that their generating families must be stably
R*-equivalent (theorem 4.14). Because GCS(L) is obtained from E(L)



SINGULARITIES OF GCS OF LAGRANGIAN SUBMANIFOLDS 29

using projection (6.1), we could classify singularities of GC'S(L) using
the above equivalence relation for classifying E(L).

However, such a classification of GCS(L) would not take into ac-
count the projection (6.1) in a proper way, because it is not possible
to introduce the notion of affine symplectic invariance for such a clas-
sification of GC'S(L), since the above Lagrangian equivalence of E(L)
does not distinguish the affine time X\ € R from x € R?*™.

Now, if A = (A,a) is an element of the affine symplectic group

iSpE™ = Sp(2m,R) x R*™ with A € Sp(2m,R), a € R?™, then
A:(R*™ w)DL— L C (R™w),
A:x— Ar=Ax+a .
From this, we define the natural action
idrr X Ax A: TR x R?™ x R*™ — T*R x R*™ x R*™ |
A2t 7)) = (N At Ax)
which, via the chord transformation ®,, induces an action
iSPE™ 3 ddpr X Ap : T'RXTR*™ > L — L' C T'R x TR*™,
idpr X Ap : (AN, @x (2T, 27)) = (AN, Oy (AzT, Ax7)),
idpr X Ag : (M A5 2, %) — (NN, Az + a, Az + (2\ — 1)a),
that commutes with projection idp-g X pr : T*R x TR?*™ — T*R x R?>™,
that is, defining the obvious action idg x A on R x R?™_ we have
(7.2) (idr x A) o (idpr X pr) = (idp+r X pr) o (idprr X Ag).

In view of the above and proposition 6.2, we now define a modified
Lagrangian equivalence which takes into account projection (6.1).

Definition 7.1. Germs of Lagrangian submanifolds L, L of the La-
grangian fiber bundle (T*RXTR?*™ d\*AdA\+w) are (1,2m)-Lagrangian
equivalent if there exists a symplectomorphism-germ T of T’ *RxTR*™
such that T(L£) = £ and the following diagram commutes, where the
vertical arrows indicate diffeomorphism-germs

Pr T
L — T'RxTR*™ — RxR*™ — R>™

1T ] !
Pr T

L — T'RxTR™ — RxR*™ — R
The first two vertical diffeomorphism-germs (from right to left) read:
x— X(x)
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(A, 2) = (A, z), X(2)).

Moreover, germs £, L at (3, a,a) are (1,2m)-Lagrangian equivalent
for A = if, in addition, for every z € R*"

. A= 2) = =
(73) (32)=3
Remark 7.2. Condition (7.3) is introduced for the classification of the
Wigner caustic E1(L) as a part of GCS(L). If (7.3) is satisfied then

the diffeomorphism (A, X) preserves the Wigner caustic.

Remark 7.3. (1,2m)-Lagrangian equivalence of germs of Lagrangian
submanifolds of the Lagrangian fiber bundle (T*R x TR?™, d\* Ad\+w)
is the equivalence of bifurcations of Lagrangian maps (Section 10.1 in
2]), that is, diagrams of maps of the form:

Pr T
DL): L — TR x TR*™ — R xR — R?>m

A Lagrangian submanifold £ is (1,2m)-Lagrangian stable if the dia-
gram of maps D(L) is stable i.e. every Lagrangian submanifold £ with

nearby diagram D(L) is (1,2m)-Lagrangian equivalent to L.

Definition 7.4. If L is a smooth closed Lagrangian submanifold of
(R?*™, w) and L is a lagrangian submanifold of (T*R x TR*™, d\* Ad\+
w), with E(L) = Pr(L), we say that the classification of GCS(L) by
(1,2m)-Lagrangian equivalence of £ is affine symplectic invariant
because, V.A € iSpE", the following diagram commutes (see (7.2)):

Pr T
T*R x TR*™ — R xR>™ — R?™

lidT*RXA¢ lldRXA lA
Pr T
T*R x TR*™ — RxR>™ — R?™

so that, if L' = A(L), then £ = (idrr X Ag)(L) and therefore E(L) =
(idr x A)E(L) and GCS(L') = A(GCS(L)).

Thus, for an affine symplectic invariant classification of GC'S(L), the
generating families for £ cannot be unfolded by the parameters A € R
and x € R?™ as if they were on an equal footing.

However, in a natural way, the (1,2m)-Lagrangian equivalence of
Lagrangian submanifolds of T*R x TR?™ leads to the following equiv-
alence of their generating families.
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Definition 7.5. The function-germs F) F:RxR™xRF = R are
(1,2m)-R*-equivalent if there exists a diffeomorphism-germ

(A, z,k) — (AN, z), X(x), K(\, x,K))

and a smooth function-germ ¢ : R x R?”™ — R such that

F\z,k)=F(A\ =), X(x), K\, z,8)) + g\, x).
F and F are stably (1,2m)-RT-equivalent if there are quadratic
forms Q and Q such that F+Q and F + Q are (1,2m)-R*-equivalent.
Germs F and F at (3, a,k,) are (stably) (1,2m)-R"-equivalent for
A = 1 if, in addition, for every € R™ condition (7.3) is satisfied (the
role of condition (7.3) is explained in remark 7.2.

Remark 7.6. (1,2m)-R"-equivalence is a special case of Wassermann’s
(1,2m)-equivalence studied in [22]. See also Section 10.1 in [2], where
relations between (r, s)-classification of families of functions ([22]), clas-
sification of bifurcations of caustics ([1] and [23]) and classification of
bifurcations of Lagrangian maps (see Remark 7.3) were discussed.

We have the following result, whose proof is a minor modification
for (1,2m)-Lagrangian equivalence of the proof of Theorem 4.14 in [2].

Proposition 7.7. Germs of Lagrangian submanifolds L, L of the La-
grangian fiber bundle (T*Rx TR*™, d\* AdA\+w) are (1,2m)-Lagrangian
equivalent if and only if the corresponding germs of generating families
F and F are stably (1,2m)-R™"-equivalent.

Definition 7.8. GCS(L) and GCS(L) are (1,2m)-Lagrangian
equivalent if the generating families ' and F' for £ and L are stably
(1,2m)-RT-equivalent.

Definition 7.9. The function-germ F' at z is (1,2m)-R"-stable if for
any neighborhood U of z in R x R?™ x R* and representative function
F" of the germ F' defined on U, there exists a neighborhood V of F’ in
C*(U,R) (with the weak C*°-topology) such that for any function G’ €
V' there exists a point 2’ € U such that the germ of G’ at 2’ is (1, 2m)-
Rt-equivalent to F. F is (1,2m)-R*-stable iff the corresponding germs
of £ and GCS(L) are (1,2m)-Lagrangian stable, whenever realizable.
In view of definition 7.4, we also use the term affine-Lagrangian
stability for (1,2m)-Lagrangian stability of £ and GCS(L).

Definitions 7.1-7.9 are the ones we were looking for. The following
theorems show that the only affine-Lagrangian stable singularities of
GCS are singularities of the criminant, the smooth part of the Wigner
caustic and the “tangent” union of them.
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Theorem 7.10. Let \, # % If F is the germ at (A, a, kq) of a (1,2m)-
R*-stable unfolding of f € m? then F is stably (1,2m)-R*-equivalent
to the germ of the trivial unfolding (if f has Ay singularity) or to one
of the following germs at (0,0,0) of unfoldings of f(t) =t

+ K ,
(7.4) AJE D P\, t) =5+ <Z o N £ A’““) :

i=1

fork=0,1,2,---,2m

Proof. If f has A; singularity than it is obvious that F'is stably (1, 2m)-
RT-equivalent to the trivial unfolding. Now we assume that f has A
singularity. Since F' is stable than F' is stable (1,2m)-R-equivalent to
F(\ x,t) = t3+tg(\ z), where g is a smooth function-germ vanishing
at 0. If g is a versal unfolding of the function-germ A — g(A, 0) with A
singularity we can reduce F' to the form (7.4) by a diffeomorphism-germ
of the form (A, z,t) — (AN, x), X (x),1).

We show that these are the only (1,2m)-R*-stable unfoldings. The
proof is based on the following lemma. U

Lemma 7.11. Unfoldings of AT singularity are not (1,2m)-R* -stable.

Proof. If f has Aj singularity then F is stable (1,2m)-R*-equivalent
to F(\,z,t) = +t* + t2go(\, 2) + tgi(\, x), where gy, go are smooth
function-germs vanishing at 0. Now we use the standard arguments of
the singularity theory that stability implies infinitesimal stability. In
the case of (1,2m)-R*-equivalence the infinitesimal stability implies
the following condition:

(7.5)

T T B OF i
82:82<8_’R2> 51< a)\| >+R<a_$1|R2’ 731’2 ’ >+m§ +47

where R? denotes the ¢, \-plane {x = 0}, & is the ring of smooth
function-germs in A and ¢, m, is the maximal ideal in & and & is the
ring of smooth function—germs in A. Now we use the method in [22].
Let V =& /(52 < \Rz> + m2m+4) and let 7 : & — V be the projec-
tion. We have m(¢3) = m(F1/2tgz|rz F 1/4g1|r2) in V. Thus elements
7(t'N) for i = 0,1,2 and j < 2m + 4 — i form a basis of V over R. It
implies that dimg V' = 6m + 9. Moreover ‘3—§|R2 =t (¢ 892| 2 + 892 2|z2).

Then 3F

oF oF
1 R{—|g2, -+, ——|R2 < 2m.
dlmRW( <8$1|R ) >ax2m|R >> >~ 2

and
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So if (7.5) held we would have dimg V' < 6m + 7 < 6m + 9, which is
impossible. Therefore F' is not (1,2m)-R*-stable and Aj singularity
has no (1,2m)-R"-stable unfoldings. O

To study the Wigner caustic in the GCS set we consider the germ of
F at (1/2,a,K,).

Theorem 7.12. If F is the germ at (3,a,k,) of a (1,2m)-R*-stable
unfolding of f € m? then F is stably (1,2m)-RT-equivalent (for A\ =
1/2) to the germ of the trivial unfolding (if f has Ay singularity) or to
one of the following germs at (%,0,0) of unfoldings of f(t) = ¢*

(7.6)

Ai 5 k 1 7 1 k+1
A2 ¢ et =t (Lo (A—§) i(A—§) |

fork=0,1,2,--- ,2m —1

Proof. 1f f has A; singularity than it is obvious that F'is stably (1, 2m)-
R*-equivalent to the trivial unfolding. Now we assume that f has A,
singularity. Since F is stable than F is stable (1,2m)-R"-equivalent to
F(\ z,t) = t3+tg(\ x), where g is a smooth function-germ vanishing
at (1/2,0). If g is a versal unfolding of the function-germ A — g(A,0)
with A; singularity on a manifold (A-space) with the boundary (A = 1)
(see [1]) then we can reduce F' to the form (7.6) by a diffeomorphism-
germ of the form (A, z,t) — (1/2 4+ (A — 1/2)A(\, z), X (2),1). O

+
Theorem 7.13. If the generating family F for L has A?’“ singularity,
for k =0,1,2,--- ,2m, then E(L) is a germ of a smooth hypersurface
in R x R?™,
If F has A singularity at (A, a,kq) then E(L) is transversal at
(Aa,a) to the ﬁbiers of projection .

If F has A?’“ singularity at (A\,,a,k,) then E(L) is k-tangent at
(Aa, @) to the fibers of projection 7, a belongs to the criminant A(L) of
GSC(L) and the germ of A(L) at a is the caustic of A singularity.

+
Proof. By Proposition 6.1 and the normal form of F' for A;’“ singularity
we obtain that

k
E(L) ={(A\z) ERxR¥™: Y X' £ M =0},
i=1
It is easy to see that E(L) is the germ at (0, 0) of a smooth hypersurface
and E(L) is transversal at (0,0) to {\ = 0} for k = 0 and E(L) is k-
tangent to {A = 0} at (0,0) for £ = 1,2,--- ,2m. The germ of the
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criminat A(L) at 0 is described in the following way

k k
{g €R¥™ AN D o N ENT =0, ) (i-Da XN £ (k+1)A =0}
=1 =2

So A(L) is a caustic of A singularity. O
Theorem 7.14. If the germ at (3,a,k,) of a generating family F for

L has A?’“i(l/2) singularity, for k = 0,1,2,--- ,2m — 1, then E(L) is
a germ of a smooth hypersurface in R x R*™,

If F has A5°(1/2) singularity at (3,a,kq) then E(L) is transversal
at (3,a) to the fibers of projection w. The germ of GCS(L) at a is the
germ of a smooth hypersurface of R*™ - the Wigner caustic E% (L).

If F has A?’“i(l/2) singularity at (3,a, kq) then E(L) is k-tangent at
(1/2,a,t) to the fibers of projection w. The germ of GCS(L) at a con-
sists of two tangent components: the germ of a smooth hypersurface -
the Wigner caustic E% (L) and the germ of the caustic of A,f singularity

- the criminant A(L).

+
Proof. By Proposition 6.1 and the normal form of F' for A;’“ (1/2) sin-
gularity we obtain that

k
E(L) ={(\2) ERXR¥™ : Y mi (A —1/2)" £ (A = 1/2)"" = 0}.
i=0
It is easy to see that E(L) is the germ at (1/2,0) of a smooth hyper-
surface and E(L) is transversal at (1/2,0) to {\ = 1/2} for k£ =0 and
E(L) is k-tangent to {\ = 1/2} at (1/2,0) for k=1,2,--- ,2m — 1.
The Wigner caustic
E1/2<L) = {x € RQm X = 0}

is the germ of a smooth hypersurface. The germ of the criminat A(L)
at 0 is described in the following way

k k
{r e R*™: 3r sz’—&-lTi + 7t =, ZixiHTi_l + (k4 1) = 0}.
i=0 i=1

So A(L) is a caustic of A} singularity and Ej (L) is tangent to A(L)
at 0. U

Remark 7.15. Not all (1, 2m)-R"-stable singularities can be realizable
as singularities of generating families F' for £ which are of the special
form given in Theorem 4.12. In the next section, in Theorem 8.7, we
prove that the A‘;Q singularity is not realizable for Lagrangian curves.
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8. CLASSIFICATIONS OF THE GCS OF LAGRANGIAN CURVES

In this section, using the equivalence of GC'S(L) introduced in sec-
tion 6, we classify the singularities of the Global Centre Symmetry set
of a Lagrangian curve L, that is, a curve L C (R? w).

To set the stage, we first state the results for the GC'S of a curve on
the affine plane R?, when no symplectic structure on R? is considered.

The results for this non-Lagrangian case, summarized in theorem 8.1
below, were obtained in [3], [16] and [10]-[11] by various methods. In the
appendix, this theorem is proved using the affine-invariant method of
chord equivalence, which is the analogous of (1, 2m)-Lagrangian equiv-
alence when no symplectic structure is considered.

Theorem 8.2 presents global results for the GC'S of a convex curve,
some of which have not been stated before.

Theorem 8.1. Affine stable GCS of a smooth convex closed curve
M C R? (no symplectic structure) consists of three components:

i) The CSS, a smooth curve with (possible) self intersections and cusps
singularities, i) the Wigner caustic, a smooth curve with (possible)
self intersections and cusps singularities lying on the smooth part of
the CSS, and iii) the middle azxes, which are smooth half-lines starting
at the the cusp points of the CSS.

In theorem 8.1, the C'SS and the middle axes form, together, the
centre symmetry caustic X/(M).

Theorem 8.2. Let M be a generic smooth convex closed curve in R2.
The number of cusps of the Wigner caustic of M is odd and not smaller
than 3. The number of cusps of the CSS of M is odd and not smaller
than 3. The number of cusps of the Wigner caustic of M 1is not greater
than the number of cusps of the CSS of M.

Proof. The first statement, on the number of cusps of Wigner caustics,
was first proven by Berry [3] and the second statement, on the number
of cusps of CSS, was first proven by Giblin and Holtom [9]. The last
inequality follows immediately from the characterization in [9] of cusps
of E5(M) by the curvature ratio being 1 and cusps of CSS of M by the
derivative of the curvature ratio being 0, and from Rolle’s theorem. [

Figures of GC'S(M) where the number of cusps of the CSS and of the
Wigner caustic are equal to three and neither curve is self intersecting
can be found in [9]. We picture below a case when the number of cusps
of the Wigner caustic is three and the CSS is self intersecting and the
number of its cusps is five, and another case when both the Wigner
caustic and the CSS are self intersecting and each one has five cusps.



36 DOMITRZ & RIOS

Figure 1. GCS of an oval in nonsymplectic plane: CSS with 5 cusps and
Wigner caustic with 3 cusps (the middle axes are not shown here).

Figure 2. Both the CSS and the Wigner caustic with five cusps.
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8.1. Affine symplectic invariant classification of GCS of La-
grangian curves. Let L be a smooth closed (Lagrangian) curve in the
symplectic affine space (R?,w = dp A dq). Using the (1,2)-Lagrangian
equivalence introduced in the previous section (definition 7.8), we clas-
sify the singularities of GC'S(L).

Let a™ = (pf,q),a = (p,,q;) € L be a parallel pair on L and
ay = AaT + (1 = XNa~, gn = A\gf — (1 — N)g,. Let ST be germs of
generating functions of L at a® satisfying the conditions in Proposition
4.11. Then the germ of generating family of £ has the following form

q+t q—1

F(\p,q,1) = 2257 (=) = 2(1 = )S+(ﬂ)—pt.

The big front is described in the following way

2

OF 0°F
JR— 2 . [ - —_—— pu—
E(L) = {(A,p, ) €RXR*: 3t —-(Ap,a,t) = (A p 4,1) 0}.

In the following propositions we present descriptions of different po-
sitions of E(L) with respect to the fiber bundle 7 in terms of the gen-
erating family F', generating functions S and S~ and their geometric
interpretations.

Proposition 8.3. The following conditions are equivalent
(i) (A, a,\) belongs the regular part of IE( ),
(i) 3¢ %tf(A ay,t) # O, 6t () ay, ): S L\ axt) =0,
(iﬂ) ad(354)r (Qa)+11Aa ( )7&0
) xr(a®) + 5k(a) ;é 0, where k() is the curvature of L at x.

1
Py
1
hY

Proof. Equivalence of (i) and (ii) follows from the definition of the
regular part of E(L). Equivalence of (ii) and (iii) is obtained by direct

calculations. (iv) is obvious since k(a*) = 88(2—*1;(@[), ]

Proposition 8.4. The following conditions are equivalent

(v) the reqular part of E(L) is tangent to the fiber of m at (X, ay),
(vi) 3t (ii) is satisfied and a,\dt()‘ ay,t) =0.

(vii) (iit) is satisfied and pf = ‘3‘21 (¢) = ‘gqi:(qa_) =p,.

(viil) (iv) is satisfied and l(at,a™) is bitangent to a*,a~ to L.

Proof. All statements follow from Proposition 6.4 and Theorem 6.5. [

Proposition 8.5. The following conditions are equivalent
(ix) the regular part of E(L) is 1-tangent to the fiber of ™ at (X, ay),
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(x) 3t (vi) is satisfied and
SF PF S
(8.1) (a—(/\,aA,t)> - a—()\,ax,t)a—(A,a,\,t) # 0.

(xi) (vii) is satisfied and ‘933; (g )88(25 (q;) #0.

(xii) (iv) is satisfied and l(a™,a™) is 1-tangent to L at a™ and a~

Proof. (X, ay) is aregular point of E(L) = {()\,p, q):3t 2= oF — 0}.

o2
By Proposition 8.3 it means that %tf (A, ax,t) # 0. It implies that there
exists a smooth function-germ 7" on R? such that %tﬁ (A, p, q, t)y =0
iff ¢t = T(\,p,q). Then E(L) = {(\,p,q) : 2 (X, p,¢, T(\,p,q)) = 0}.
Then (ix) is equivalent to
0 (OF
8.2 A A a) =0
( ) 8)\ (015( » Py 4, ( y Py q ))) |()\7 A)
0% (OF
(83) a <8t (>\ p,q,T()\,p, Q))) |(>\,ax) 7£ 0.
Using the formulae
(8.4)
oT O*F o
A = A T(A A T(A
x Ap.a) = (atg( ¢, T( ,p,Q)) gz NP4 T pa))

it is easy to check that (8.2)-(8.3) are equivalent to (x). Equivalence of
(x) and (xi) is obtained by direct calculation and the last equivalence
is obvious. U

Proposition 8.6. The following conditions are equivalent
(xiii) the regular part of E(L) is 2-tangent to the fiber of ™ at (A, ay),
(xiv) 3t (vi) is satisfied, (8.1) is not satisfied and

(84F PF\? ; NF [(PF\? OBF .
oN3ot \ o ox2ot2 \ a3 ) oror2

O'F OPF [ 3F \> O'F [ 9*F \*
+3a/\8t3 ot3 (a)\at2> T (8)\3}52) J(A, ax, t) # 0.
(xv) (vii) is satisfied,
BST o5t
3(q+)3(qa) =0 A W(qa) # 0
or . o
.) =0 A - 0.
8(q7)3 (qa ) a(q,)4 (CZa ) 7£
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(xvi) (iv) is satisfied and l(a™,a™) is 1-tangent to L at one of points
a™,a” and 2-tangent to L at the other.

Proof. We use the same notation as in the proof of Proposition 8.5.
(xiil) means that (8.2) is satisfied, (8.3) is not satisfied and

9 [(OF
a <at (>\ p7q7T<)‘7p7 Q))) |()\,aA) 7£ 0.

Using (8.4) it is easy to check that these conditions are equivalent to
(xiv). By direct calculation one can obtain that (xiv) is equivalent to
(xv) and (xvi) is obvious geometric description of (xv). O

(8.5)

Theorem 8.7. Let /1\88(2*% (¢h) + ﬁ%(q;) # 0 (for statements
(1)-(2) below, A =1/2).

(1) If the chord l(a™,a™) is not bitangent to L at a*,a” then the
germ of Fat (1/2,a1/2,¢1/2) has A2°(1/2) singularity and the
germ of GC'S at a5 is a smooth curve (the smooth part of the
Wigner caustic).

(2) If the chord l(a™,a™) is 1-tangent to L at a™ and at a~ then the
germ of F at (1/2,a1/2,d1/2) has A3 (1/2) singularity and the
germ of GCS at a1 /5 is a union of two 1-tangent smooth curves
(the smooth part of the Wigner caustic and the smooth part of
the criminant).

(3) If the chord l(at,a™) is 1-tangent to L at a™ and at a~ then
the germ of F at (X, ax, ¢\) for X # 1/2 has A3 singularity and
the germ of GCS at ay is a smooth curve (the smooth part of
the criminant).

(4) If the chord l(a™,a™) is 1-tangent to L at one of the points
a®t,a” and 2-tangent to L at the other point then the germ of
F at (X ax,dy) for X # 1/2 is not (1,2)-R*-stable. A3? is not
realizable as a singularity of GC'S of a Lagrangian curve.

Proof. By Proposition 8.3 if

1 935+ 1 035  _
Xa(q+)3<qi) + mm(%) #0

then the germ of a generating family F of £ is a unfolding of the
function-germ with A, singularity. Therefore we can reduce F' to the
following form F'(\,p,q,t) = 3 + g(\,p,q)t, where g is a smooth
function-germ vanishing at (A,,0) (for A, =0 or A\, = 1/2).

By Proposition 8.4 if the chord l(a™,a™) is not bitangent to L at
a®,a” then ata,\(l/Q 0,0) # 0 and this implies that 22 55(1/2,0) #0. By
Theorems 7.12 and 7.14 we obtain (1).

(8.6)
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If the chord I(at,a™) is tangent to L at a™,a” then by Proposition

8.4 we get that pf = p, and gtg)\()\a,0,0) = 0 and this implies that

%(AQ,O) = 0. But dg|(x,0) # 0 since ;t—é;()\a,a, Ga) # 0.
By Proposition 8.5 if I(a™,a™) is 1-tangent to L at a*,a~ then

PBFE’ 2 9BF PBF’
. )‘aa — Ta.3 )‘a’ ’ A(u
(8.7) (0)\0152( ! 0)) ot3 (A, 0 0)8)\2825( 0,0)#0.
But this implies that g/\g (Xa,0,) # 0. Thus if A, = 1/2 by Theorems

7.12 and 7.14 we obtain (2) and otherwise by Theorems 7.10 and 7.13
we obtain (3).

Finally, let us assume that the chord (at,a™) is 1 tangent to L at
a™ and 2-tangent at a~. By Proposition 8.6 we get a/\g %(Xa,0,) = 0 and

(84F 83_F _3 HF  (PF\® O3F N
O30t \ O3 ON20t2 \ Ot3 ) ONOt?

L O'F O°F ( OFF )2_ O'F < OPF )3)(%070) 0
ONOt3 Ot3 \ ONOt? ott \ ONOt?
Thus, g/\g()\ 0,) # 0. We know that g—i(Aa,O,) # 0 since atap()‘ma Ga) #
0. It is easy to see that gtaf;()\a, a,d,) = 0. Thus F has A5 singularity
at (Ag, a, g,) iff the following condition is satisfied
PF . O3F _ PF . OPF

)\a:7a_)\a77a_—)\a7aa—)\aa7‘a 0
g o @ e) T Ra @ da) = Fims (Ras 4, da) 555 (Aas 0, da) 7
By direct calculation it is easy to see that this is equivalent to
qar —q;) 93ST 03S~
e —6) 05 () T80y #0,
Aa(l = Aa) O(q™)> 7 " 0(q™)?

which is not satisfied, since {(a™,a™) is 2-tangent to L at a~. O

Corollary 8.8. Let L be a smooth closed conver curve in (R* w). The
middle axes and the whole CSS are not (1,2)-Lagrangian stable. The
smooth part of the Wigner caustic is (1,2)-Lagrangian stable, but the
cusp singularities of the Wigner caustic, seen as part of the GCS(L),
are not (1,2)-Lagrangian stable.

Remark 8.9. A comparison of theorem 8.1 and corollary 8.8 shows
that, for the case of convex curves in R?, various singularities which
are affine stable are not affine-Lagrangian stable. In other words, there
is a breakdown of stability of various singularities due to the presence
of a symplectic form in R? to be accounted for. Other examples of
breakdown of stability due to a symplectic form can be found in [4]-]6].
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Remark 8.10. Although the cusp singularities of the Wigner caustic
are affine-Lagrangian stable when the Wigner caustic is considered by
itself (corollary 5.2), they are not affine-Lagrangian stable when the
Wigner caustic is considered as part of the GC'S. That is, the meeting
of the Wigner caustic and the CSS is not affine-Lagrangian stable.
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9. APPENDIX

Here we prove theorem 8.1. To do so, first we define affine stability.
Remind that, VA € R, the standard chord transformation

[ :R"xR" - TR", (27,27) — (2,2) ,

is the chord transformation defined by the choices =0 and p = 1/2.
Explicitly, z is given by the A-point equation (3.1) and & is given by
the standard chord equation

(9.1) i=—(zt —x7).

One distinguishing feature of the standard chord transformation is
that it is bijective VA € R. Explicitly, its inverse is given by

VTR - R x R (z,8) — (27,27)

(9.2) T =2x+2(1-Ni, 2~ =z -2\t .
It follows that the standard extended chord transformation

NRxR"xR" =R xTR",

Nt z7)— (A Ta(zh,27)),

with 'y given by equations (3.1), (9.1), is also bijective. For this rea-
son, it is preferable to use the standard chord transformation I' to the
tilted chord transformation ® when no symplectic structure has to be
accounted for (as is also done in [7]).

Now, let M and M be germs of m-dimensional smooth submanifolds
of R", n < 2m, and let Ml and M be the chord transformed cylinders

M=T(RxMxDM), M=T(Rx Mx M) .
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Definition 9.1. Germs of GCS(M) and GCS(M) are chord equiv-
alent if there exists a diffeomorphism-germ © of R x TR™ such that

M = ©(M) and the following diagram commutes:

tdg X pr T
R x TR"” — RxR* — R”

10 l |
tdg X pr s
R x TR™ — RxR* — R”
where vertical arrows indicate diffeomorphism-germs, as follows:
O :RxTR" 3 (\ &) — (AN z), X(z), X(\, z,%)) € R x TR,
RxR"> (N z)— (AN 2), X(z)) € R x R",
R" >z~ X(z) € R".
Remark 9.2. The chord equivalence is a special case of the equivalence
of cascades of projection defined in [15].

Now, let B = (B,b) € iGLE = GL(n,R) x R™ act standardly on R”
(9.3) r+— Bxr=Bx+b,
and define its induced action on R x TR" as
idg X Br: (A, Ta(z%,27)) — (A, Tx(Bzt,Bz7)) ,

(9.4) idgr X Br: (\,z,%) — (A, Bz + b, Bi) ,

which clearly satisfies, on R x TR",

(9.5) (idg x B) o (idr X pr) = (idg X pr) o (idr X Br) .

Also, let B = (4, B) € R x iGLE and define its action on R x TR" as
Br: (A Ta(zt,27)) — (A + 8, Tais(Bx™, Bx™)) ,

(9.6) Br: (\xz,&)— (A+ (3, Bx+b+ B, Bi) .

Then, Br # idg X Br, but, if R D M 3z +— 2’ = Bxr € M’ C R",
M=T(RxMxM), M =T(Rx M x M),

we have that, as sets,

(9.7) VB e R, Br(M) = (idg x Br)(M) =M".

Furthermore, if E(M) = (idg x pr)(M) , E(M)" := (idg x pr)(M’) ,
with Ml and M related by equation (9.7), then, as sets, we have that

(9.8)  E(M)" =E(M') =E(B(M)) = (idr x B)(E(M)) ,
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(9.9) GOS(MY = GOS(M') = GOS(B(M)) = B(GCS(M)) .

Definition 9.3. Because equations (9.5) and (9.7)-(9.9) are satisfied
for the actions (9.3), (9.4) and (9.6) of the affine group iGLE and its
trivial R-extension, we say that the classification of singularities of
GCS(M) by chord equivalence is strongly affine invariant.

Definition 9.4. A singularity of GCS(M) is affine stable if it is a
stable singularity under its classification by chord equivalence.

9.1. Proof of theorem 8.1. Let M be a smooth closed convex curve

in R?. Let a* = (af,a3), a= = (a],a;) be a pair of parallel point of
M. Then M is locally around a™ and a~ described as follows:
(9.10) Mtz = frxf), M~ :zy = f(27),

where f*, f~ are smooth function-germs on R such that af = f*(a]),
_ o0 apt -
ay = [~ (ay), ;ZT(@D = si_—(%) = 0.
By a affine transformation we can get that af” = a; = 0.
Then M =T'(R x M x M) is locally around point

(a,a) = (Noa™ + (1 = Xo)a—,1/2(at —a™)) = (a1, a9, 0, ds)
described as in the following way:

(9.12) Ty = % (fF (@1 +2(1 = N)ir) — f~ (21 — 2Xiy))

Using a diffeomorphism-germ of R x TR? of the form
1
(\,z, %) — (A,x,x'l,:tg -3 (fY (w4201 =N)iy) — f (21 — 2Ag‘c1)))

we show that (9.11)-(9.12) is chord equivalent to
(9.13) 2o =AfT (21 +2(1 = N)iy) + (1 = N f~ (z1 — 2A\21), 7o = 0.
Let f denote the following function-germ on R x TR? at 0
O x,i) = AT (xp+2(1 = Nay) +
+ (1=XN)f (z1—2\iy) — xo.
By definition of f we obtain that

(9.14) f(Aaya,0) = %()\a,a,O) =0.

Now consider the following conditions for aj = a; = 0:

(9.15)

2 ft d?f- 0?
((1 - Aa)d('r];-)Q(aii_) = _Aad(lf_)Q(al_)) g a_l-:}%<>\a7a’0) = 07
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(9.16) ((1—Aa)2dc<lw~’;)3( =t )) O\, a,0) = 0,

ad( ) 8 3
(9.17)
| dift iy s
(0wt 2 3 ) = G 0wa0) 20

The curve M is convex. It implies that there is no bitangent line to M
at points a™, a”. Therefore aj # a; and it implies that df +(Xaya,0) # 0.
Then by the 1mp11(:1t function theorem the equation f ()\ x xl) = 0 may
be solved in the neighborhood of (A, a,0) € R x R? x R with respect
to A. Thus we obtain

(918) )\:/\a—l—g(x,j:l), j?g :O,

where ¢ is a function-germ such that g(a,0) = 83:1 2 (a,0) = 0. This
implies that that at all smooth points, E(M) is transversal to the fibers
of 7. So the criminant A(M) is empty for a convex curve M.

If (9.15) is not satisfied then the function-germ iy +— g(a,d) is
locally equivalent to #; +— +2%. Since g(z,41) is a deformation of
g(a, 1) then by a diffeomorphism-germ of R x TR? the form (X, z, ) —
(A, X(2), Xy(x,21), @2) we reduce (9.18) to the following form

A=A E£d] + go(z), d2=0,
where g is a function-germ vanishing at a. By a diffeomorphism-germ
we obtain
A=\, £347, iy=0.
Then E(M) = {(\,z) : A = A} is a smooth surface-germ transversal
to fibers of . So GC'S(M) is empty in this case.

If condition (9.15) is satisfied and (9.16) is not satisfied then &; +—
g(a, 1) is locally diffeomorphic to ; +— +2%. The function-germ
(A, z,21) — g(x,21) + Ao — A at (A, a,0) is a deformation of & —
g(a, 7). By (9.15) and the implicit function theorem we have that

d%g
9.20 0) #0
if the following condition at aj = a; = 0 is not satisfied
d2f+ d2ff
9.21 = 1) =0.
( ) d(l_i}—)g (al ) d(l’l_)2 (al )

We may assume that dc(i{l:; (af) dﬁg? (a7) # 0 since M is a generic
convex curve. It is easy to see that (9.20) implies that (A, z,41) +—
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g(x, 1) + Ao — A is the versal deformation. By a diffeomorphism-germ
of R x TR? of the form (A, z, %) — (A — go(z), X (z), X1(z,21), Z2) We
reduce (9.18) to the following form

)\:)\a+$?+$1i1, 132:0

Then E(M) is the cusp singularity (xR) in R?* and GCS(M) is a
singular set of E(M). So GCS(M) is a germ of a smooth curve.
Conditions (9.15)-(9.17) imply that @, — g(a, &) is locally equiva-
lent to @ — +27. By (9.15)-(9.16) and the implicit function theorem
it is easy to show that
0%g &g
Finon, @V =0 570, @0 70
Together with (9.20) it imply that a function-germ (X, x, &1) — g(x, &1)+
Ao — A at (Ng,a,0) is the versal deformation of & +— g(a,d;). Then
by a diffeomorphism-germ of R x TR? of the form (A, z,%) — (A —
go(z), X (), X1 (x, 1), 42) we reduce (9.18) to the following form

(9.22)

A=A\, + @] + 208t + 218, @y = 0.
Then E(M) is the swallow tail singularity and GC'S(M) is a singular set
of E(M). So GCS(M) is composed of the smooth curve with the cusp
singularity (C'SS) and of the smooth half-line of the self-intersections
starting at the cusp point and lying inside the cusp. This half line is a
part of the middle axis of M.
By Theorem 2.10 GC'S(M) contains also the Wigner caustic £ (M).

For the classification of the Wigner caustic in GC'S(M) we use the I'-
chord equivalence with the extra assumption
(923) A()\07.T) = /\0 s )\0 = ]./2 .
We use the same arguments as in the first part of the proof. In this
case (9.18) has the following form
(9.24) A=1/2+4 g(z, &), =0,
where ¢ is a function-germ such that g(a,0) = g—g.cgl(a, 0) =0.
Since 0f /0x9(1/2,a,0) = —1 # 0 we obtain that
Jg

9.25 —(a,0) # 0.
(9.29 2 (a,0) #
It implies that if (9.15) is not satisfied then g(x, 21) is the versal defor-
mation of g(a,#;). Thus we reduce (9.24) to

A=1/24+ @ + 2y, iy=0.

In this case the Wigner caustic is a smooth curve z; = 0.
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If (9.15) is satisfied but (9.16) is not satisfied (for A\, = 1/2) we get
that (9.20) is satisfied. Together with (9.25) it implies that we can
reduce (9.24) to the form

A=1/24 3% + 2901 + 11, o =0.

In this case the germ GCS(M) consists of the Wigner caustic which
is the cusp curve 27z7 + 4z3 = 0 and a germ of C'SS(M) which is the
smooth curve zo =0 .

Remark 9.5. From the proof of this theorem we get conditions (9.15)-
(9.17) which distinguished various singularities of the GCS set of a
convex smooth curve. They were first presented in [9] in terms of
(derivatives of) the ratio of the curvatures of the curve M at points a™
and a~. Note that O(f*)?/0(x%)?(a*) is the curvature of M at a*.

Remark 9.6. Although the possibility of self intersections of both the
CSS and the Wigner caustic have been illustrated in section 8 and
stated in theorem 8.1, no such possibility is found in its proof. This
is because the proof only concerns a local classification of singularities
and these self intersections are of global, or multilocal nature.

Remark 9.7. We used the standard extended chord transformation I"
to define affine-stability and work out the proof of theorem 8.1 because
it is geometrically simpler than the tilted chord transformation ® and is
the natural choice for non-Lagrangian cases, as studied in [7]. T" allows
for the action (9.6) of R x iGL to be globally defined on R x TR™ and
[ also has the property of affine rigidity, meaning that (9.4) defines an
action iGLE : TR™ — TR™. By comparison, ® is only linearly rigid (see
remark 3.2) and, via ®, the similar action of R x iGLg is only defined
on a subset of R x TR"™ (pinched at A = 0 and A = 1). However,
theorem 8.1 can be similarly stated and proved using ® instead of I'.

Remark 9.8. Via ® and the similar action of R x iSp&™ on the proper
subset of R x TR?*™, it is possible to introduce the notion of strong
affine symplectic invariance for an equivalence of GC'S of Lagrangian
submanifolds by imposing, on the diagram of definition 7.1, commuta-
tivity also with respect to the projection T*R x TR?*™ — R x TR?™.
However, this stronger equivalence relation is so rigid in the Lagrangian
case that not even the singularities of the criminant are stable.
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