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Abstract

In the first part of the paper we introduce some geometric tools needed to describe slow—fast Hamiltonian
systems on smooth manifolds. We start with a smooth bundle p : M — B where (M, ) is a C°°-smooth
presymplectic manifold with a closed constant rank 2-form w and (B, 1) is a smooth symplectic manifold.
The 2-form w is supposed to be compatible with the structure of the bundle, that is the bundle fibers are
symplectic manifolds with respect to the 2-form w and the distribution on M generated by kernels of @
is transverse to the tangent spaces of the leaves and the dimensions of the kernels and of the leaves are
supplementary. This allows one to define a symplectic structure 2 = w + e~1p*A on M for any positive
small &, where p*A is the lift of the 2-form A to M. Given a smooth Hamiltonian H on M one gets a
slow—fast Hamiltonian system with respect to {2.. We define a slow manifold SM for this system. Assuming
SM is a smooth submanifold, we define a slow Hamiltonian flow on SM. The second part of the paper
deals with singularities of the restriction of p to SM. We show that if dim M = 4, dim B = 2 and Hamilton
function H is generic, then the behavior of the system near a singularity of fold type is described, to the main
order, by the equation Painlevé-I, and if this singularity is a cusp, then the related equation is Painlevé-II.
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1. Introduction

Slow—fast Hamiltonian systems are ubiquitous in the applications in different fields of
science. These applications range from astrophysics, plasma physics and ocean hydrodynamics
to molecular dynamics. Usually these problems are given in coordinate form, moreover, in the
form where a symplectic structure in the phase space is standard (in Darboux coordinates). But
there are cases when either the symplectic form is nonstandard or the system under study is of a
kind where the corresponding symplectic form has to be found, in particular, when we deal with
the system on a manifold.

It is our aim in this paper to present basic geometric tools to describe slow—fast Hamiltonian
systems on manifolds, that is in a coordinate-free way. For the non Hamiltonian case this was
done by V.I. Arnold [1]. Recall that a customary slow—fast dynamical system is defined by a
system of differential equations

ex = f(x,y,¢), y=2gx,y,8), (x,y)eR"xR", ()

depending on a small positive parameter ¢ (its positivity is needed to fix the direction of
increasing time t). It is evident that x-variables in the region of the phase space where f # 0
change with the speed ~ 1/¢ that is fast. In comparison with them the change of y-variables is
slow. Therefore variables x are called fast and y are called slow.

Such system generates two limiting systems whose properties influence the dynamics of the
slow—fast system for a small €. One of the limiting system is called fast or layer system and is
derived in the following way. Let us introduce the so-called fast time t = ¢/¢. Then the system
acquires the parameter ¢ in the right hand side of the second equation (due to the differentiation
in 7) but looses it in the first equation. Thus, the right hand sides depend on ¢ in a regular way

d d
o fye), L —egxy.e), (x.y) R xR ®)
dt dt

Setting then ¢ = 0 we get the system, where y-variables are constants y = ygp and they can
be considered as parameters in the equations for x. Sometimes these equations are called layer
equations. Because the fast system depends on parameters, it may pass through many bifurcations
as parameters y change and this can be useful to find some special motions in the full system for
small ¢ > 0.

The slow equations are derived as follows. Let us formally set ¢ = 0 in the system (1) and
solve the equations f = 0 with respect to x (where it is possible). The most natural case when
this can be done, is when the matrix f is invertible in some domain where solutions for equations
f = 0 exist. Then by the implicit function theorem one can solve the system f = 0. Denote the
related branch of solutions as x = h(y) and insert it into the second equation instead of x. Then
one gets a system of differential equations for y variables

y=2gh(»),y,0),

which is called the slow system and the graph of 4 is called the slow manifold. The idea behind
this construction is as follows: for small ¢ solutions of the system (2) can approach fast to the
slow manifold and stay there for a long time, during this time the motions of the full system are
described in the first approximation by the slow system.

Now one of the primary problem for slow—fast systems is formulated as follows. Suppose we
know something about the dynamics of both (slow and fast) systems, for instance, about some
structure in the phase space made up of pieces of fast and slow motions. Can we say anything
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about the dynamics of the full system for a small positive ¢ near this structure? There is a vast
literature devoted to the study of these systems, see, for instance, some of the references in [7].

This set-up can be generalized to the case of manifolds in a coordinate-free way [1]. Consider
a smooth bundle p : M — B with a fiber F being a smooth manifold and assume a vertical
vector field v is given on M. The latter means that any vector v(x) is tangent to the fiber F}, for
any x € M and b = p(x) € B. In other words, each fiber F}, of M is an invariant submanifold
for this vector field. Let v, be a smooth unfolding of v = vg. Vectors of v, need not be tangent
to the leaves Fj, anymore for ¢ > 0. Consider the set of zeros for vector field v, that is, one
fixes a fiber Fj, then v generates a vector field v? on this smooth manifold and we consider its
zeros (equilibria for this vector field). Let the linearization operator of P (along the fiber) at
some of the zeros x be a linear operator va : Ty F, — Ty Fj acting in invariant linear subspace
Vy = Ty Fp of T, M. Suppose the operator has not zero eigenvalues, then the set of zeros is
smoothly continued in b for b close to b = p(x). It is a consequence of the implicit function
theorem. For this case one gets a local section z : B — M, p o z(b) = b, which gives a smooth
submanifold Z of dimension dim B. One can define a vector field on Z in the following way.
Let us represent vector vg (x) in the unique way as v, (x) = vs1 x)® vg (x), a sum of two vectors
of which vs1 (x) belongs to V, and vg(x) is in T, Z. Then vector vg(x) is of order &, since v,
smoothly depends on &, and it is zero vector as & = 0. Due to Arnold [1] the vector field on Z
given as (d/d 8)(1)3) at ¢ = 0 is called slow vector field, in coordinate form it gives just what was
written above.

It is worth remarking that the set in M consisting of zeros for all vertical vector fields (at
& = 0) can be called slow manifold. Generically, this set is a smooth submanifold in M but it can
be tangent to fibers F}, at some of its points. Genericity here means that it is fulfilled for a residual
set of slow—fast vector fields in an appropriate topology. In a neighborhood of the tangency point
it is also possible sometimes to define a vector field on Z that can be called a slow vector field,
but it is a more complicated problem intimately related with degeneracies of the projection of p
at this point (ranks of Dp at these points, etc.) [1].

1.1. Hamiltonian slow—fast systems

Now we turn to Hamiltonian vector fields. It is well known that, in order to define a
Hamiltonian vector field in an invariant way, the phase manifold M has to be smooth symplectic:
a smooth nondegenerate closed 2-form (2 has to be given on M [3]. For example, the standard
way to write a slow—fast Hamiltonian system with a smooth Hamiltonian H (x, y, u, v, €) in

coordinates is as follows: (x, y, u,v) = (X1,..., Xn, Y1seee» Vs ULy, U, V1, ..., Uyy) has
the form
. oH . oH 1
EX] — —, EyYi = ——, r1=1,...,n,
i i Yi 9x; ;
. oH . oH . ©)
ujz_’ ‘Uj:——, ]:1,...,m.
avj 3141'

Here the 2-form w for this system is given by 2-form edx Ady +du Adv. It regularly depends on
¢ and degenerates into 2-form du A dv at ¢ = 0. Instead, if we introduce the fast time /¢ = 7,
then the transformed system depends on ¢ regularly but the corresponding symplectic 2-form
dx Ady + e~ 'du A dv is singular as ¢ — +0.

Let us note that the fast system here is Hamiltonian (evidently). The same is true for the
slow system as well. Indeed, if x = p(u,v), y = q(u, v) represent solutions of the system
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H, =0, Hy, = 0 (the set of zeros for the fast systems), then the slow system
0= H’Ua U= _Hua

where the functions p, g are inserted into the right hand sides, is Hamiltonian with the Hamilton
function h(u,v) = H(p(u,v),q(u,v),u,v,0). For a Hamiltonian slow—fast system its slow
manifold (if it exists) can be normally hyperbolic giving thus some mechanism for scattering
nearby orbits. Also it can be neutrally stable if the slow manifold consists of the elliptic equilibria
of the fast systems. Due to the fact that the fast systems depend on parameters (u, v) the types of
the equilibria on the slow manifold can vary in parameters.

In order to extend this set-up of slow—fast Hamiltonian systems to vector fields on smooth
manifolds one needs to require that a smooth phase manifold M of the system carries a
symplectic structure. Moreover this manifold must also have a foliation at ¢ = 0 into symplectic
leaves on which fast Hamiltonian systems are defined.

From this it follows that such Hamiltonian systems can be defined on a manifold with a
presymplectic structure, that is on a manifold M with a closed 2-form w of constant rank at
each point # € M. Such manifold carries a distribution of linear subspaces N, C T, M for
u € M of the kernels of w in 7, M. In order to have at ¢ = 0 the foliation with symplectic leaves
we consider a smooth bundle p : M — B with a C*°-smooth connected presymplectic manifold
(M, w) over a C*°-smooth manifold B. Even in this case the presymplectic structure and the
bundle structure can be incompatible, for instance, leaves of the bundle could be not symplectic
with respect to the restriction of 2-form w on a leaf, or the rank of @ could be greater than the
dimension of the leaves.

Therefore we shall call the presymplectic form w compatible with the bundle structure, if
for any u € M the restriction of w on the tangent space T, F), to the fiber F, of the bundle is
nondegenerate and kernel N, of w at u is transverse to T, F,. Then fibers F, are symplectic
manifolds with respect to the restriction of w on F,. In this case we get a symplectic foliation on
M. The dimension of its leaves, due to regularity and connectivity of M, is the integer 2n that is
the same for all points in M and it is just the rank of the 2-form w. It turns out that it is possible
to define canonically the symplectic structure on the presymplectic total space M of the bundle,
if one requires the base B to be a symplectic manifold. In more details this will be explained
below, as well as how to define a slow manifold SM of a slow—fast Hamiltonian system, the slow
and the fast subsystems on M.

In the second part of the paper we consider the local behavior of a slow—fast Hamiltonian
system near a point of the tangency of SM with a leaf of the bundle p. When dim M = 4 and
dim B = 2 then there are generically only two types of such points of tangency, a fold and a
cusp, that follows from the theory of singularities of smooth mappings (see, [28,4]). We derive
using the blow-up method the Painlevé-1 equation for the description in the main approximation
of the orbit behavior near a fold point and the Painlevé-II equation for the description in the
main approximation of the orbit behavior near a cusp. The scalings for the blow-up procedure
are different for the fold and for the cusp. As is known, for a 2-dim slow—fast (dissipative) system
the passage near a disruption point is described by the Riccati equation [20,19]. Here we get the
Painlevé-1, II equation. Since there is a vast information concerning the behavior of solutions of
the Painlevé-I and Painlevé-II equations (see, for instance, [17,6]), the reductions obtained can
help in understanding the orbit behavior near the disruption points.

In fact, it is not all the story. If one wants to study the behavior near the fold point, one needs
to investigate in detail the blown-up system. As is known, geometrically the blow-up procedure
means that we blow up the singular point of the suspended 4-dimensional vector field (i.e. with
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¢ = 0 added) up to the 3-dimensional sphere S° and a neighborhood of the singular point
becomes a neighborhood of the order » for this sphere. Here » > 0 is the coordinate in the
transverse direction to the sphere which is supposed small. Then one needs to understand the
whole picture of the passage of the orbits through a neighborhood of the disruption point. This
will be done in a different paper.

2. Presymplectic manifolds and smooth bundles

Let M be a smooth manifold of dimension 2n 4 k and w be a smooth closed 2-form on M of
constant rank 2n (here and below we assume C°°-smoothness). Then the pair (M, w) is called a
presymplectic manifold (see, for instance, [14]). Suppose in addition the following assumptions
hold

e there is a 2m-dimensional smooth connected manifold B, 2m = k, and submersion p : M —
B such that 2-form w is nondegenerate on fibers of p. In this case we shall call w compatible
with p. Recall that for submersion p its differential Dp|, has constant rank equal to the
dimension of B at any point u € M,

o there is a smooth symplectic 2-form A on B, i.e. B is a smooth symplectic manifold.

In accordance with the first condition, for each fiber Q of the bundle § = (M, p, B) the pair
(Q, w|g) is a symplectic manifold of dimension 2n.

Consider a point # € M and let b = p(u). Vectors X € T, M that are tangent to the fiber
Q = p~'(b) are usually called vertical with respect to the bundle &. They form 2n-dimensional
subspace V,, C T,M. Denote N, = (T,M )L the skew-orthogonal complement to 7, M with
respect to the form w, that is, the space of such Y € T, M for which one has w(X, Y) = 0 for
all X € T,M. Then one has dim N, = dimT,M — rankw = 2m = dim B and dim T, M =
dim V,, + dim B due to regularity of p : M — B. Hence one gets dim 7, M = dim V,, +dim N,,.
On the other hand, since w is nondegenerate on V,,, we have V,, N N, = 0. The two last equalities
mean that T,M =V, ® N,,.

The maps u — V,, and u — N, define two smooth distributions V and N on M. Here the
distribution N can be interpreted as a connection on the total space M of bundle &, therefore
vectors Y € N, will be called horizontal.

Since rank of w is constant, each point u € M possesses a Darboux chart (U, ¢), u € U,
in which one has @ = dg' A dg"t! + -+ + dg" A dp®* [27]. Submanifolds in U given by
equations ¢’ =¢!,i =1,...,2n,forc’ e R, are integral manifolds for the distribution N. Thus,
the connection N is integrable and defines a foliation 7V on M.

Let F" denote the foliation on M formed by the fibers of &. Then FV and FV give a
pair of foliations of complementary dimensions 2n and 2m, their leaves intersect transversely.
Sometimes such pairs are called bi-foliations.

For any nonzero ¢ € R we set

% =wtelpa. @)
This defines a 2-form (2, on M.
Lemma 1. For all ¢ # 0 the 2-form (2 is symplectic.

Proof. The 2-forms w and A are closed. Hence one has

ds =do+dEe ' p*y) =dw+e ' p*dr = 0.
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Consider a Darboux chart (U, ¢) for @ on M. Then for any point u € U the determinant of the
matrix

= (a)(af(u), 3}”(14))), i,j=1,...,2n,
is equal to 1 but
@ (33, ), 3 () = (3¢ (u), 85, , () =0

forallr,s =1,...,2mandoa, 8 =1, ...,2n+2m. Since N is the connectionon é = (M, p, B),
the restriction Dp|y, : Ny, — T B is an isomorphism, here b = p(u). Therefore vectors

X2n+l = Dp(a;pn_i'_l(u))’ ceey X2n+2m = Dp(agn_;’_zm (M))
compose a basis of 7, B. Thus, matrix
C= ()‘(X2n+r7X2n+s))7 r,s=1,...,2m,

is non-degenerate.

At last, we remark that with respect to the holonomic (coordinate) basis Bf(u), e, 3;1 om (u)
on the space T, M the matrix G of the 2-form (2 is
A 0
G = , 5
(0 s—lc> )

thus det G = det Ae 2" detC = ¢~ 2" detC #0. O

Let U be an open set of M. Denote Q € FV, L € FV leaves of the foliations F", FV.
Then components of linear connectivity of sets Q N U for Q € FV and LN U for L € FN
generate on U foliations F; YV and F lUV , respectively. Let us choose some point uy € M and denote
bg = p(uo) Due to lemma from [18] (v. 1 chap.IV, par. 5), there is a chart (U, 1/1) containing uq
such that I//(U) = J?+2m ] C R, and I/f U — J?"*2" s an isomorphism of the bi-foliation
(FY, Fy N') onto the natural bi-foliation of the direct product J2"T2" = J2" x J>" Without loss
of generality one can assume that Y (uo) = 0and J = (—1, 1). This implies, in particular, that
any leaves Q € ]—'L‘,/ and L € .7-'{}/ intersect each other at one point only.

If Go : J?' x J¥™ — J?" is the natural projection, then for each Q € ]—'[‘]/ the composition
Yo =4qoo 1}|Q is a homeomorphism of Q on J?" and the pair (Q, Y¥o) is a chart on Q. Denote
Qg the leaf of the vertical foliation F, (‘// containing the initial point uo. We also denote as L, for
v € U that leaf of the horizontal foliation F; []y for which v € L,. Then setting g(v) = Qo N L,
we construct the map ¢ : U — Q for which one has §g o ¥ = Yo, © q. From this formula it
follows immediately that ¢ : U — Qg is a submersion.

Letnow W = p(U), then W is an open set in the base B. For each v € U we set

Y () = (g x pu)) = (), p(v)) (6)

defining a smooth map ¢ : U — Qo x W.Sinceq : U — Qg and py : U — W are
both submersions and their leaves are transversal then ¢ is a regular map of the manifolds of
the same dimension 21 + 2m. For the map ' there is the inverse map ' : Qg x W — U
defined by the formula ¥~ (vg, b) = pljl (b) N Ly,. By the implicit function theorem, this map
is differentiable. Thus ¢ : U — Q¢ x W is a diffeomorphism. Moreover, if go : Qo x W — Qg
and po : Qo x W — W are the natural projections and ¥ (v) = (vg, b) then due to (6) we have
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q(v) = vo = go(vo, b) = g oY (v) and py (v) = p(v) = b = po(vo, b) = po o ¥ (v). Hence the
equalities ¢ = gg o ¥ and py = po o ¥ hold.

Consider a Darboux chart (Q6, n) of the symplectic manifold (Qg, w|g,) and a Darboux chart
(W', 0) of (B, A) such thatug € Q;, C Qoand bp € W/ C W.

To simplify the notations let us regard that O = Qo and W' = W. For a point v € U we set

@) = (noq(),0 o0 pv)). )

Lemma 2. Forany ¢ # 0 the pair (U, ¢) is a Darboux chart for the symplectic manifold (M, §2;)
and the presymplectic manifold (M, ).

Proof. By the construction, ¢(U) = 1(Qg) x 6(W) is an open subset of R?" x R?" = R2+2m
and g = (nx0)oyr,wheren x 0 : Qo x W — n(Qgp) x (W) is the homeomorphism defined by
the formula (n x 6)(vg, b) = (7(vg), 8(b)). Thus ¢ : U — 1n(Qp) x (W) is a homeomorphism.

Take any point v € U and two leaves Q € .7-'1‘]/ and L € ]-"{}7 through it. Then the restrictions
glo : O — Qo and p|p : L — W are diffeomorphisms, and what is more, g|g, = idg,. Let
qg(v) =voand b = p(v).

The holonomic basis of the tangent space T, M in the chart (U, ¢) will be denoted {dg (v)|a =
1,...,2n+2m}, and let {8ln(vo)|i =1,...,2n}and {Bf(b)|r =1,...,2m]} be the similar bases
of Ty, Qo and T} B in charts (Qg, 1) and (W, 6), respectively. Due to (7) we have relations

9 (v) € Vi,  dq(df (v)) = 8] (vo) = 9/ (vo), 3., (V) € Ny,

dp(3y,.,,(v) = 0} (b). (8)

In virtue of (8) we have
q*2: 3} (v), 8% (v)) = 23] (v0), 87 (v0)) = (3 (v9), 3] (o)), ©)
2.0 (v), 95, () =0,  2:035,,,v),05,, () =e "1}, d b)) (10)

foralli,j=1,...,2nandr,s =1,...,2m.

It follows from (9) and (10) that values of {2, take the needed form at all basic vectors from
Ty,M and on those basic vectors from 7, M when at least one of its argument is horizontal.
Moreover, the form (g|p)* ({2 o,) takes the canonical form at basic vectors of the space T, Q. To
complete the proof it is necessary and sufficient to make sure that the equality (¢|0)*({2:|g,) =
2] is valid.

To this purpose take a smooth function # : W — R and denote X, its Hamiltonian vector
field on the symplectic manifold (W, ) and let g; be its Hamiltonian flow on W. We set
H = ¢ 'h o p|y and define the vector field X on U by the formula 2,(Y, Xy) = dH(Y).
Denote X} the horizontal lift of X, on U with respect to the connection N. Then for any v € U
and Y € T, U we have the identities

(Y, Xy) = dHY) = e 'd(ho p)(¥) = e dh(dp(Y)) = e 'Mdp(Y), Xp)
= ¢ Adp(Y), dp(X}) = 0 (Y, X}) + e~ p*Aa(Y, X}) = 2.(Y, X}). (11)

This implies £2:(Y, Xy — X};) = O for arbitrary Y and hence Xy = X}, since the form (2 is
nondegenerate.

Now if g;* is the horizontal lift of the flow g, then its orbits are also orbits of the vector field

X;.1f g%, is the Hamiltonian flow generated by the field X 7, then we get g%, = g;:(r) as was said

above.
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Now let 0 = (91, e, 92’”) be the coordinate functions on W. Without loss of generality we
may assume that 6 (bg) = 0 and (W) is an open cube in R?"_ Then Hamiltonian vector fields
Xyi corresponding to functions 0 generate a local action & of group R?” on W defined by the
formula é(a; !, ..., tz’") = géi':; o-- -ogéll (a). Due to the choice of W any two its points can be
connected by a path composed from coordinate lines. Therefore, a $-orbit of any point coincides
with W. In particular, if 0(b) = x = (x!, x2™), then setting 1 = —x"*" and t(’)”“ = x* for
rs=1,....,mweget &(b;t}, ..., 2"1)—190_9 Lo,...,0).

Now let geﬁ be horizontal lifts of the flows ggr, r =1,...,2m, to the total space U of the
bundle p : U — W. The formula

A L1 2, t2m
¢(u1t1'-'7tm):g;2m o- Ogel (u)

defines the local action @ of the group Rz’” on U By the construction one gets p o @(u t!
1"y = d(p(u), t', ..., t¥™) that gives @(Q to, .. m) = Qo. Since  shifts points along the

leaves of .7-'3’, then @(u, to, e, 0’") = g(u) for all u € Q. At last, as was shown above, gg,.
are Hamiltonian flows in the symplectic manifold (U, {2;) corresponding to the Hamiltonians
O" = £710" o p. Thus, the map gl is the symplectic map between manifolds (Q, {%|o) and
(Qos 2:1gy)-

The second assertion follows immediately from the first, since w (X, Y) = (2. (X, Y) for ver-
tical tangent vectors X, Y € TyM and w (X, Y) = 0 holds, if at least one of the vectors X and Y
is horizontal. [

The chart (U, ¢) possesses one important feature. In this chart, fibers of the bundle & =
(M, p, B) are given by equations ¢*"*" = ¢2"t7 ¢t ¢ R, r = 1,...,2m, and local leaves
of the horizontal foliation FV are given by the equation ¢’ = ¢/, ¢ e R,i =1, ..., 2n. Hence,
the pair (U, ¢) can be called a foliated Darboux chart for (M, {2.) and (M, w).

The separate existence of either a Darboux chart on the symplectic manifold or a Darboux
chart on the presymplectic manifold compatible with the bi-foliation structure is obvious. The
meaning of Lemma 2 is the fact that for our case in a neighborhood of any point ug € M there
exists a chart which possesses both these properties simultaneously.

A vector field X on M is called vertical or horizontal, if the vectors X (1) are such for all
points u € M. In the first case X is tangent at each point to leaves of vertical foliation F" and
in the second case it is tangent to the leaves of the horizontal foliation FV. Any vector field X
on M is decomposed uniquely into a vertical vector field V X and a horizontal vector field N X
which satisfy X = VX + NX at every point. The smoothness of X implies the smoothness of
both components VX and N X.

Letnow H : M — R be a smooth function. Then the formula

(-, Xn) =dH(), 12)

defines the corresponding Hamiltonian vector field X g on M. At points u of the foliated Darboux
chart (U, ¢) constructed above (before Lemma 2), this vector field takes the form

L O(H o @] 9(H o
X = a 2027 (et wy + ec”%

dx (@), ., (), (13)

where a'/ and ¢"* are entries of the constant matrices A~! and C .
If in (12) one changes {2 to the presymplectic form w, then the equation for X i has infinitely
many solutions. But the situation is changed, if one requires that vector fields under consideration
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are vertical. Namely, the formula
w(Z,X}) =dH(Z), (14)

where Z runs all vertical vector fields on M, defines correctly a vertical vector field X I‘L/[ It has
the following form in the foliated Darboux chart (U, ¢)

d(Hop™h)
oxJ

It is natural to call the field X 1‘; the Hamiltonian vector field corresponding to the function H on
the presymplectic manifold (M, w). In accordance to (13) and (15) one has XV, = V Xy, i.e. XZ,
is simply the vertical part of X .

There is one more treatment of this construction. For any u € M and b = p(u) let us consider
the fiber Q = p~!(b) of the bundle £. In accordance to our conditions, the restriction wlg
is a symplectic form on Q@ C M. Denote as h = H|g the restriction of H on Q and let
X, be the corresponding Hamiltonian vector field to 4 on (Q, w|p). Then we conclude that
X} (u) =d(@g)(Xp(u)), here 1p : Q — M is the immersion.

For any two smooth functions F', H on M we define

{H,F} =dF(Xp), {H,F}V =dF(X})).

X[ ) =a’ (p(u))dY (u). (15)

This defines Poisson brackets of functions H, F on the symplectic manifold (M, {2;) and the
presymplectic manifold (M, ). On each fiber Q of bundle & the equality {H, F}V = {h, f }o
holds where {h, f}¢ is the Poisson bracket for restrictions & = H|p and f = F|p onto the
symplectic manifold (Q, w|p).

Suppose in addition that kg, fo : B — R are smooth functions and {h¢, fo} is their Poisson
bracket with respect to the symplectic form A. Then the equality {hg o p, foo p} = e{ho, fo}op
holds. Thus, at ¢ = 0 submersion p : M — B is a Poisson map. Therefore, the bundle
& = (M, p, B) can be called a Poisson bundle.

3. Symplectic submanifolds transverse to the vertical foliation
Consider now a 2m-dimensional smooth submanifold S C M.

Lemma 3. If S possesses the properties

e at each point v € S the submanifold S C M intersects transversely the leaf of the foliation
FV through v,
e S is compact,

then there is g9 > 0 such that for all ¢ € (0, &y) the restriction of the 2-form (2. on S is non-
degenerate and hence it generates a symplectic form.

Proof. Consider first an arbitrary point # € M and let b = p(u) be its projection on B. Let
(U, ¢) be the foliated Darboux chart for a point u of the symplectic manifold (M, §2.) which
was constructed before in Lemma 2. When constructing this chart we used a Darboux chart
(W, 0) of the manifold (B, A), a neighborhood Qg of the point u in the fiber p_l(b) and the
diffeomorphism ¢ : U — Qg x W.

On W, the holonomic vector fields Y, = Bf ,v = 1,...,2m are given. At any point of W
matrix (A(Y,, Y5)), r,s = 1, ..., 2m, has canonical form. Therefore one has

det(A(Y,, Yy)) = 1. (16)



1228 L.M. Lerman, E.I. Yakovlev / Indagationes Mathematicae 27 (2016) 12191244

In accordance with the first condition of the lemma, for any point v € S N U one has
TwM =V, ® T,,S. Consequently, the restriction Dp|7,s : TyS — Tp)B is an isomorphism.
Setting Y, (v) = (Dp|Tv5)_1(Yr(p(v))) foralve SNU andr = 1,...,2m, we get smooth
vector fields Y}, ..., Yy on SN U,. Atany point v € SN U the vectors Y| (v), ..., Y} (v)
make up a basis of the tangent space 7T5,S.

Let us denote 2¢° = ¢ (2. Then, due to (4) one has
QP YP) = eo (V) YE) + MYy, V)
forallr,s =1, ..., 2m. Thus for the matrix D = (2°(Y;, Y;")) we have

detD = fo ™™ + -+ fie + fo. (17)

where forany t = 0, 1, ..., 2m the coefficient f; is the sum of all determinants for which 7 rows
coincide with the corresponding rows of the matrix (w (Y, Y;*)), but other rows belong to the
matrix (A(Y,, Ys)). It follows from here that f; : S N U — R are smooth functions and, due to
identity (16), one has

Jo=det(A(Y,, ¥y)) = 1. (18)

Since B, p~!(b) are manifolds then for points b and u there are neighborhoods W° and
Qg whose closures are compact and belong to W and Qg, respectively. Moreover, the set
UL? =Yy (W0 x Q(O)) is a neighborhood of the point u# and its closure is also compact and
belongs to U. In this case functions f; are bounded on S N U,? . Hence, there is ¢, > 0 such that

| fom€™™ + -+ fig] < 1 (19)

onSN U,? for any ¢ € (0, &,).

A collection U = {U,9|u € S} is a covering for the manifold S by open sets. Since S is
compact we conclude that S C UL?l - U U,?I for some finite set of points uy, ..., u; € S. Let
us set &9 = min{e,, ..., &, ). Then for any ¢ € (0, &p) inequality (19) is valid on every set from
SNUd.....snUp.

If now v is any point of S, there exists ani € {1,...,l} suchthatv € SNU,, 0 Here for
any ¢ € (0, &) it follows from (17), (18) and (19) that det D # 0. This implies that the 2-form
£2¢ is non-degenerate on the tangent space T,S. Thus, on T, S the 2-form £, = ¢~ !¢ is also
nondegenerate. [

4. Slow manifold and nearby orbit behavior

Henceforth we assume a bundle p : M — B is given where M is a C°°-smooth presymplectic
manifold with a constant-rank 2-form w, B is a smooth symplectic manifold with a symplectic 2-
form A. The w is supposed to be compatible with p, hence its fibers define a symplectic foliation
of M. Suppose a smooth function H on M is given. Thus H generates at ¢ = O forany b € B
a vertical (fast) Hamiltonian vector field X };1. The union in b of all zeros for such vertical vector
fields for a given function H forms a subset in M which is generically a smooth submanifold SM
of dimension 2m = dim B (the genericity here means that it is true for a residual set of functions
H). We assume that is the case and shall call SM the slow manifold of the vector field X ;. When
restricted on SM the corresponding map p, : SM — B may be regular or singular at the points
of SM. A point s € SM is called regular if rank Dp, (s) = 2m = dim B. This implies p, be a dif-
feomorphism near s. On the contrary, a point s € SM is singular, if rank Dp, at s is less than 2m.
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Another characterization of regular and singular points is related to the type of the
corresponding equilibria for the fast Hamiltonian system on the symplectic leaf through s. The
point s is regular, if the fast vector field has a simple equilibrium for the fast Hamiltonian
vector field, i.e. on the corresponding leaf of the symplectic foliation the equilibrium has no
zero eigenvalues. For a singular point s € SM the equilibrium on the symplectic leaf through s
is degenerate for the fast Hamiltonian vector field, that is it does have a zero eigenvalue. All this
will be seen below in local coordinates, though it is possible to show it in a coordinate-free way.

4.1. A neighborhood of a regular point of SM

The manifold SM near a regular point s can be represented by the implicit function theorem as
the graph of a smooth sectionz : U — M, p(s) € U C B, p oz =idy.DuetoLemma 3, such
compact piece of SM is a symplectic submanifold with respect to the restriction of the 2-form 2,
to SM. Hence one can define a slow Hamiltonian vector field on SM generated by the function
H.Let Xy be the Hamiltonian vector field on M with respect to the 2-form (2. generated by H.

Denote by H the restriction of H to SM and consider a Hamiltonian vector field on SM with
the Hamiltonian HS with respect to the restriction of 2-form 2; to SM. This vector field X¥ is
of the order &, hence there is the limit X5 /€ as € — 0. This limit vector field is what we call the
slow Hamiltonian vector field on SM. In the same way one can consider the case when function
H on M depends smoothly on a parameter ¢.

It is an interesting problem to understand the orbit behavior of the full system (for small
& > 0) within a small neighborhood of a compact piece of regular points in SM. This question
is very hard in the general set-up. Nevertheless, there is a rather simple important case to
examine, if one assumes the hyperbolicity of this piece of SM. Suppose for a piece of SM each
corresponding equilibrium (for ¢ = 0) is without zero real parts (hyperbolic equilibria in the
common terminology, see, for instance, [26,21]). Then this smooth submanifold of the vector
field Xz on M is a normally hyperbolic invariant manifold and results of [10,16] are applicable.
Namely, for ¢ > 0 small enough there is a smooth invariant manifold in an O (¢)-neighborhood of
that piece of SM. For the full system this invariant manifold is normally hyperbolic and possesses
stable and unstable local smooth invariant manifolds. The restriction of X g, to this slow manifold
can be an arbitrary Hamiltonian system with m degrees of freedom.

One can add to this local picture the structure of the global stable/unstable manifolds of fast
systems along with their bifurcations w.r.t. slow variables (parameters of the fast system), then
one can say a lot on the behavior of the full system for positive small ¢. This behavior is the
topics of the averaging theory, theory of adiabatic invariants, etc., see, for instance, [25,22,13].

A much more subtle problem is to understand the local dynamics of the full system near
SM when the fast dynamics possesses center equilibria at the points of SM. Nonetheless, one
can present some details of this picture when we deal with a real analytic case (manifolds and
Hamiltonian). Then results of [11] can be applied. For this case SM was called in [11] an almost
invariant elliptic slow manifold. At ¢ = 0 near a piece of the almost elliptic slow manifold one
can introduce a coordinate frame where this slow manifold corresponds to the zero section of the
bundle M — B. Then the main result of [11] is applicable for the case when the fast system is
two dimensional but the slow system can be of any finite dimension and Hamiltonian is analytic
in a neighborhood of SM. The result says that the Hamiltonian near SM can be transformed by an
analytic transformation to the sum of two functions. One of them contains fast variables (x, y)
only in the combination / = (x24y?)/2. The second function is exponentially small with respect
to the small parameter €. Thus, up to an exponentially small error, the system has an additional
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integral /. In particular, if the slow system is also two dimensional, this gives an integrable system
up to exponentially small error within a small neighborhood of SM. All this helps a lot when one
is interested in the dynamics within this neighborhood, see, for instance, [12]. The case, when
fast system has more degrees of freedom and the related equilibria are multi-dimensional elliptic
ones, is harder and no results are known to this date. The case of fast equilibria with eigenvalues
in the complex plane lying both on the imaginary axis and out of it is even less explored.

4.2. Neighborhood of a singular point of SM

At a singular point s € SM submanifold SM is tangent to a leaf of the symplectic foliation.
More precisely, the rank of Dp, on the tangent plane 7,SM is smaller than 2m. This means
KerDplsyy # 0. Let us choose some Darboux coordinate chart (x, y, u, v) near s, then the
presymplectic 2-form is written as w = dx A dy and the symplectic leaves of the foliation are
given as (u, v) = (ug, vo). Hamiltonian H (x, y, u, v) is a smooth function of these coordinates,
we assume d H # 0 at s. The Hamiltonian vector field near s with respect to the 2-form w is
written as

i=H, y=-H, i=0 =0

The condition for the point s to be on SM (a singular point for the fast vector field) is
Hy(s) = Hy(s) = 0 and if this point is a singular point for the projection p, then

(7)
et | ——
I(x, y)?

otherwise the point s in SM would be regular and the system Hy, = 0, H, = 0 could be
resolved with respect to x, y. Thus, the fast vector field at s has a zero eigenvalue. Its eigenspace
is invariant w.r.t. the linearization of the fast vector field at s. This is equivalent to the condition
that Dp restricted on T3SM has nonzero kernel and hence its rank is less than 2m.

The types of degeneracies for the mappings of one smooth manifold to another (for our case it
is p : SM — B) are studied by the singularity theory of smooth manifolds [28,4,24]. When the
dimensions of B and M are large, these degenerations can be very complicated. Keeping this in
mind, we consider below only the simplest case of one fast and one slow degree of freedom. For
this case both SM and B have dimension two and we have the mapping from one two dimensional
smooth manifold to another smooth two dimensional manifold. We need to distinguish singular
points of the general type that are possible for such smooth maps. Here the degeneracies can be
generically of two types only: folds and cusps, this was done by Whitney [28].

Recall that according to [28], a singular point ¢ of a C?>-smooth map F : U — V of two open
domains in smooth 2-dimensional manifolds is good, if the function J = det D F vanishes at ¢
but its differential dJ is nondegenerate at this point. In a neighborhood of a good singular point
q there is a smooth curve of other singular points for F continuing g. Let ¢(t) be a smoothly
parameterized curve of singular points through a good singular point ¢ and 7 = 0 corresponds
to ¢. We shall use below the notation AT for the transpose matrix of any matrix A.

A good singular point g is called the fold point [28], if d F (¢’ (0)) # (0, 0)T, and it is called
the cusp point if at ¢ one has d F (¢’ (0)) = (0,0) " but d*(F o ¢)/d7?|, # (0,0)7. It is worth
remarking that if ¢ is a fold, then for any nearby point on the singular curve ¢(t) there is a
unique (up to a constant) nonzero vector £ in the tangent space of the corresponding point such
that DF (&) = 0 (§ belongs to the kernel of D F). The direction spanned by & is transverse to

s
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Fig. 1. Slow manifold near fold points.

the tangent direction to the singular curve at the fold point, since DF(¢’(0)) # (0,0) . These
transverse directions form a smooth transverse direction field on the curve.

We shall show below that near a fold point at small ¢ > 0 the system can be reduced to
the case of a family of slowly varying Hamiltonian systems. In such system the Hamiltonians
H(x, y, et, c) depend on scalar variables x, y and positive small parameter ¢; c is the value of
the former autonomous Hamiltonian and also a small parameter. For a fixed ¢ the slow manifold
of this system is a slow curve and the fold point corresponds to the point of quadratic tangency
of the slow curve with the corresponding two-dimensional symplectic leaf. Here the fast (frozen)
Hamiltonian system with one degree of freedom has the equilibrium, corresponding to the tan-
gency point, which is generically a parabolic equilibrium point with the double non-semisimple
zero eigenvalue. The local orbit behavior for such fast system does not change as ¢ varies.

The shape of the slow manifold near a fold point in the subspace y = 0 when H is written in
the form H = h(x, u, v)+y2H1 (x, ¥, u, v) (see Lemma 5) is presented in Fig. 1. The intersection
with alevel H = c is the slow curve. Small circles on the slow manifold correspond to the elliptic
equilibria of the fast systems, small crosses denote the saddle equilibria. The parabolic equilibria
lie on the slow curve. The projection of the slow curve on the plane (sometimes it is called the
discriminant curve) of slow variables (u, v) is a smooth segment here.

For the case of a cusp we get again a slow—fast Hamiltonian system with two dimensional
slow manifold. The fast Hamiltonian system has on the related symplectic leaf an equilibrium of
the type of degenerate saddle or degenerate elliptic point (both are of codimension 2). In this case
it is also possible to reduce the system to the case of a family of slowly varying nonautonomous
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Fig. 2. Slow manifold near a cusp point.

Hamiltonian systems on the corresponding levels H = c. But in contrast to the case of a fold,
the behavior of these systems near the cusp point s essentially depends on the parameter c.

The shape of the slow manifold near a cusp point in the space y = 0 when H is written
in the form H = h(x,u,v) + y2Hi(x, y, u, v) (see again Lemma 5) is presented in Fig. 2.
The intersection with a level H = c is the slow curve. Again small circles on the slow manifold
correspond to the elliptic equilibria of the fast systems, small crosses denote the saddle equilibria.
The parabolic equilibria lie on the slow curve. The projection of the slow curve on the plane of
slow variables (u, v) (the discriminant curve) is a curve like the semi-cubic parabola with a plane
cusp at the projection of the cusp point on SM.

Henceforth, we consider only the case of one slow and one fast degree of freedom Hamiltonian
systems, that is M will be a smooth 4-dimensional presymplectic manifold with a 2-form w of
rank 2 and B will be a smooth symplectic 2-dimensional manifold with a symplectic 2-form A,
the form w is compatible with the smooth bundle p : M — B whose leaves Fj generate the
symplectic foliation with respect to w. The symplectic structure on M is given by the 2-form
2, =w+e pa

5. Folds for the slow manifold projection

Let a smooth Hamilton function H on M be given. We suppose H is non-degenerate in
a neighborhood of a point s where we are working: dH # 0. Then levels H = ¢ are
smooth 3-dimensional disks within this neighborhood. Since the consideration is local, we can
work in Darboux coordinates, hence it is supposed that the 2-form (2, is written as (2, =
dx ANdy + e 'du A dv with fast variables x, y and slow variables u, v. The corresponding
presymplectic manifold is endowed locally with 2-form w = dx A dy, its symplectic leaves with
respect to the bundle map p : (x, y, u, v) — (u, v) are given by (u, v) = (ug,v9) € U, U C B
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is a disk with coordinates (1, v). Without loss of generality we assume that the origin of the
coordinate frame (0, 0, 0, 0) is an equilibrium of the fast system on the leaf (0, 0): Hy = H, = 0.
The restriction of H to a symplectic leaf is the function H (x, y, ug, vo) and the orbit foliation
for the fast vector field on this leaf is given by the fast Hamiltonian vector field

. 9H . 0H

—_— y=——", ugp, vy are parameters,
dy ax

depends on parameters (uq, vo) and its unfolding, as (uq, vo) vary, gives a local piece of the slow
manifold SM near the point s = (0, 0, 0, 0) in the space (x, y, u, v). Locally near s the slow
manifold is indeed a smooth 2-dimensional disk, if rank of the matrix

ny Hyy H”y Hvy
20
(H“ Hy, Hy Hy 20)

is 2 at s. We suppose it is the case. Now one can consider the restriction of the projection map p
to SM: p, : SM — B. If the inequality A = szy — Hyy Hy, # 0 holds at s, then by the implicit
function theorem the set of solutions for the system Hy, = 0, H, = 0 near s is expressed as
x = f(u,v), y = g(u,v). Hence locally it is a section of the bundle p : M — B and Dp;,
does not degenerate on this set in some neighborhood of s, i.e. p, is a diffeomorphism. Thus, the
degeneracy happens only if A(s) = 0. This equality is equivalent to the condition that the fast
Hamiltonian vector field on the corresponding symplectic leaf Fj,, b = p(s), has at the point s a
degenerate equilibrium: it possesses zero eigenvalue (by the Hamiltonian structure, it is double)
for the linearization at s. Another characterization of such point is that it is a singular point of
the mapping p,: the rank of this mapping at s is less than 2.

Now let us return to the set of points in SM near s where p, degenerates. To be precise, we
assume

HyyHth - nyHuy 7é 0 (21)

at s. We can always assume this is the case otherwise one can achieve this by re-ordering slow
or fast variables. The unique case when it is impossible and the rank of matrix (20) equals 2
corresponds to Hy, Hyx — Hy, Hy, is the only nonzero minor, while the other five are zero. This
would indicate a too degenerate case and we do not consider it below. Indeed, the following
lemma is valid.

Lemma 4. Suppose matrix

A= (91 a2 a3z au
ar; axp a3 axy

possesses the properties:

a a
det (413 44) 2,
ax  ax

e all the other minors of the second order for the matrix A vanish.

Then the following equalities hold a11 = a12 = az1 = ax» = 0.

Proof. Suppose the assertion of the lemma is false. Then up to re-enumeration of the rows and
the first two columns one may regard a1 # 0. By assumption, all minors of the second order for
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the matrix

aiy ap ap
axy ax ax;
vanish. This means that its rows are linear dependent. But by assumption the first row is nonzero

vector of R3. Hence, there is ] € R such that (@21, a2, az3) = k1 (a1, a2, ai3).
Analogously, if all second order minors of the matrix

aip a2 a4

a1 ax» ax
vanish, then from a; # 0 follows the existence of a number x> € R which satisfies the equality
(az1, ax, aza) = k2(aii, arn, aja). Then one has kja;; = a1 = koajg, from here equalities

ay1 (k1 —k2) = 0 and k1 = k3 follow. Thus, the rows of the matrix A are linear dependent, which
contradicts to the first condition of the lemma. [J

It follows from the inequality (21) that SM near s is represented as a graph of the mapping y =
f(x,v), u = g(x,v) (recall that we assume s = (0, 0, 0, 0), then f(0,0) = g(0,0) = 0). The
coordinate representation for the mapping p, is the following p, : (x,v) — (u = g(x,v), v).
The derivative of this mapping is the matrix

whose rank at (0, 0) is 2, if g,(0,0) # O (the point is regular), and it is 1, if g,(0,0) = 0
(the point is singular). The singular point (0, 0) is good, if g,(0,0) = 0 and g,,(0,0) # 0
or gx,(0,0) # 0. The point is a fold if, in addition, one has P(§) # (O, 0)", where &
is the tangent vector to the singular curve through (0,0). When gy,(0,0) # 0, then the
equation gy(x,v) = 0 for the singular points is solved by the implicit function theorem and
the singular curve has a representation (I(v), v), [(0) = 0, so & is (I'(0), 1)T. Thus one has
P(£) = (g,(0,0),1)T # (0,0)T and the singular point (0, 0) is indeed the fold.

Now suppose g,(0,0) = g.(0,0) = 0 but g,,(0,0) # 0. Then the singular curve has a
representation (x, r(x)), r(0) = 0, and the vector & is (1, r’ (0)) ". Because r(x) again solves the
equation g, (x, v) = 0, we have the equality

_ 8xx 0,0) _

8xv(0,0)
It follows from here that P(§) = (0,0) . Hence if g,,(0,0) = O then singular point (0, 0)
is not a fold. In order to verify it is the cusp, one needs to calculate dZ(g(x, r(x)), r(x))/dx2
at the point (0, 0). The calculation gives the vector (g, (0, 0)r”(0), r”(0)), due to the equalities

gxx(0,0) = 0, r'(0) = 0. Thus, if #”(0) # 0, the second derivative is not zero vector, and the
point is the cusp. For the derivative r”(0) we have

80 (0.0)
ng(03 O) .

Thus, the conditions for a singular point to be a cusp consist in two equalities and two inequalities

8x(0,0) = g,x(0,0) =0, 8x(0,0) #0 8xxx(0,0) #0. (24)

r'(0) =

1(0) = (23)
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The mutual position of the singular curve and levels H = c is important. In particular, we need
to know when the intersection at s of this curve and the submanifold H = H (s) is transverse and
when they are tangent. In the transverse case for all ¢ close enough to H (s) the intersection of this
curve with the level H = ¢ will be also transversal and hence, will consist of one point. For the
nontransverse case we need to know what will happen for the close levels. In a sense, the transver-
sality condition can be considered as some genericity condition for the chosen function H.

If the point s is the fold point for the map p, : SM — B, the singular curve on SM near s is
expressed in the form x = [(v), [(0) = 0. To determine, if this curve intersects transversely the
level H = H(s), let us calculate the derivative

d

%H(l(v), fd ), v), g(v), v), v)|lvy=0 = Hy(0,0,0,0)g,(0,0) + Hy(0,0,0,0). (25)
Taking into account that f (x, v), g(x, v) are solutions of the system Hy = 0, H, = 0 near point
s, we can calculate g, (0, 0). This gives that the derivative (25) at the point s does not vanish if

ny[Htuv - Hvau] - Hyy[HuHxv - Hvqu] 7é 0. (26)

It is hard to calculate this quantity when H is taken in a general form. Therefore we transform H
near s to a more tractable form. In order not to care about the smoothness, we assume henceforth
all functions are C*°.

The following assertion is valid.

Lemma 5. Suppose a smooth function H(x, y, u, v) is given such that the Hamiltonian system
x=H,, y = —H,

depending on two parameters (u, v) has at (u, v) = (0, 0) a degenerate equilibrium (x,y) =
(0, 0) with double zero non-semisimple eigenvalue (the related Jordan form is two dimensional).
Then there exists a C*°-smooth transformation @ : (x,y) — (X,Y) smoothly depending on
parameters (u, v) and respecting the 2-form dx A dy such that the Hamiltonian H o ® in the new
variables (X, Y) takes the form

H(X, Y, u,v) =h(X,u,v) + H(X,Y,u,v)Y?, 27)
where H1(0,0,0,0) # 0.

Proof. We act as follows. Consider first the Hessian matrix (a;;) of H in variables (x, y) at the
point (x, y) = (0, 0) on the leaf (1, v) = (0, 0). Its determinant vanishes but not all its entries are
zeros and its rank is 1, since the case is non-semisimple. Then one has either a1 % 0 or axy # 0
due to symmetry of the Hessian. We assume apy # 0, this is compatible with the assumption
that just the minor Hyy Hy, — Hyy Hy, is nonzero. Let us first solve the equation H, = O in a
neighborhood of the point (0, 0, 0, 0). Due to the implicit function theorem and the assumption
ax» = Hyy(0,0,0,0) # 0, the equation has a solution y = f(x, u,v), f(0,0,0) = 0. After
the shift transformation x = X,y = Y + f(x,u,v) we get the transformed Hamiltonian
I:I(X, Y, u, v) of the form

H(X, Y, u,v) = h(X,u,v) + YHX, Y, u,v),
where h(X, u,v) = H(x, f(x,u,v),u,v), and
H(X,0,u,v) = Hy(x, f(x,u,v),u,v) =0.
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Thus the function H can be also represented as H = YH, I-_I(O, 0,0,0) = Hy,(0,0,0,0)/2 #
0. It is worth noticing that (u, v) are considered here as parameters, therefore the transformation
(x,y) = (X, Y) respects the 2-form: dx Ady =dX AndY. U

We now restore the notations (x, y) and assume that H is in the form (27). Then the condition
for (0, 0, 0, 0) to be the equilibrium of the fast system leads to the equality 4, (0, 0, 0) = 0. The
requirement that the equilibrium is degenerate and non-semisimple is /,,(0, 0,0) = 0, due to
the inequality H;(0, 0, 0, 0) # 0. In this case the requirement that the slow manifold is a smooth
solution of the equation %, (x, u, v) = 0 near the point (0, 0, 0, 0) will be assured by one of
the inequalities /., (0,0,0) # 0 or hy,(0,0,0) # 0. One can suppose that the former holds
renaming, if necessary, slow variables. This implies that the slow manifold has a representation
y=0,u = g(x,v), where g(0,0) = 0, g.(0,0) = 0. At last, the point (0, 0, 0, 0) on the slow
manifold will be a fold, if g, (0, 0) # 0, that is equivalent to the inequality /., (0, 0, 0) # 0.

Now we expand i (x, u, v) in x up to the third order terms

H(x,y,u,v) = h(x,u,v) + Hi(x,y, u, v)y2
= ho(u, v) +ai(u, v)x + a(u, v)x2 + a3 (u, v)x3 + 0(x4) + Hlyz.

Here one has a1 (0, 0) = 0, 9,a1(0,0) # 0, a»(0,0) =0, a3(0,0) # 0. We have some freedom
to change parameters (u, v). Using inequality a,(0,0) # 0, we introduce a new parameter
uy1 = ay(u, v). In order to preserve the 2-form du Adv we need to introduce also a new parameter
v1. To that end, we express u = dj(u;, v) = R, via a generating function R(u1, v), where for
|u1|, |v| small enough
v ?R  day
R(ul,v)zf a(ui, z)dz, =— #0.

0 oupov duq
Then one has vi = Ry, and du A dv = duj A dv;. After this transformation which does not
touch variables x, y we come to the following form of H

H(x,y,ui,vy) = ho(uy, vy) +uix + l;(ul, v)X2 4+ Eup, v)xS + 0t + 1:11y2. (28)

In this form we can check the transversality of the singular curve on SM and the submanifold
H = ho(0,0) = ¢g at the point (0, 0, 0, 0). Since we have H)?y =0, H)(,)y # 0 (zeroth upper
index means the functions are computed at the point (0, 0, 0, 0)), then the inequality (26) casts
(we restored the notation u, v again) as

H)HY, — H)H;, #0,
that is expressed as follows

a—ho(O, 0) #0. (29)
ov

Thus, we come to the conclusion:

if a function H is generic and the singular point s on SM is a fold for the mapping py, this
is equivalent to the condition that this point on the related symplectic leaf is parabolic and the
unfolding of H in parameters (u, v) is generic.

At the next step we want to reduce the dimension of the system near the fold point s € SM
and get a smooth family of nonautonomous Hamiltonian systems in one degree of freedom. This
will allow us to describe the principal part of the system near singularity using some rescaling
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for the system near s. We intend to work in coordinates where H takes the form (27). This form
of H was obtained above by the coordinate change respecting the form w but in order to use it
for ¢ > 0 we need to perform a symplectic transformation with respect to the form (2, such that
the transformation reduces to the previous form at & = 0. This is done in the following lemma.

Lemma 6. Suppose a smooth function H(x, y, u, v) is given such that the point (x,y, u,v) =
(0,0,0,0) is a solution of the system H, = 0, H, = 0 and at this point one has

A= Hy Hyy — H}, =0, Ay = HyyHyy — HyyHy, # 0.
Then there exists a C°°-smooth transformation ® : (x,y,u,v) — (X,Y,U, V) smoothly
depending on the parameter ¢ and respecting the 2-form s = dx A dy + ¢ 'du A dv such
that in the new variables (X, Y, U, V) for all ¢ small enough the Hamiltonian H o ® takes the
form

H(X,Y,U,V,e)=h(X.U,V,&) + hi(X,U,V,e)Y + H(X,Y,U,V,e)Y?, (30)
where h(X, U, V,0) = ho(X,U, V), h1(X,U, V,0) =0and H;(0,0,0,0,0) #0.

Proof. We need to extend the transformation X = x, ¥ = y — f(x, u, v) till the symplectic
transformation which coincides with that in Lemma 5. This is achieved through a symplectic
transformation generated by a generating function S(x, Y, u, V, &) = xY+uV/e+S1(x,u, V,¢)
like in [11]
X Y Y U Y v BAYY
=X, y = +8x’ _u—l—sav, V= +aau.

We take S; in the form Si(x,u, V) = fOx f(&,u, V). Then, despite the singular nature of the
generation function, the transformation is regular and at the limit ¢ = 0 we get the previous
transformation, since V = v in this case.

After the transformation the Hamiltonian casts in the form (30) after the expansion in Y up to
the second order terms using the Hadamard lemma

HX,Y,U,V,e)=h(X,U,V,e)+h(X,U,V,e)Y + HI(X,Y,U, V, 8)Y2,
where h(X,U,V,0) = ho(X,U,V)and h)(X,U,V,00=0. O

Now we use the old notations (x, y, u, v). In Darboux coordinates (x, y, u, v) near s the
slow—fast Hamiltonian system with Hamiltonian H is written as follows

x=H,, y = —H,, i = ¢H,, V= —¢H,. 3D

Without loss of generality, one can assume H (s) = 0. Since H, (s) # 0 (see (29)), then near s the
levels H = c for c close to zero are given as the graphs of the function v = S(x, y, u, ¢), where
$(0,0,0,0) =0, S = 1/H, # 0. These graphs intersect transversely the singular curve near
s, thus the intersection happens at the only point on the corresponding graph. The intersection of
SM with a level H = c is a smooth curve (the slow curve on this level) with a unique tangency
point with the related leaf (1, v) = (uc, vc).

Let us perform the isoenergetic reduction of the system (31) on the level H = ¢, then S is a
new (nonautonomous) Hamiltonian and u is the new “time” [1]. After the reduction the system
transforms to the system in variables (x, y, u) that reads as follows

eo-=Hy/Hy= =5, e =—H/H =S (32)
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If we introduce the fast time setting du/dt = e, we come to the autonomous 3-dimensional
system which can be also considered as nonautonomous Hamiltonian one depending on the slow
time through u = ¢t + uy.

The slow curve for this system is composed by the solutions of the system S, = 0, S, =0,
this system is equivalent to the system H, = 0, H, = 0 where one needs to plug S into
H instead of v. Thus we obtain the intersection of SM with the level H = c. Because of
form (27) for the function H at ¢ = 0, this curve has a representation in coordinates (x, y, u):
y=0, u—u, = a(c)(x—xc)z—i—o((x—xc)z), a(0) # 0, here (x¢, 0, uc, ve), ve = S(xe, 0, uc, ¢,
are coordinates of the trace of the singular curve in the level H = ¢ for ¢ close to ¢ = 0. This
representation follows from the system u = g(x,v), v = S(x,0,u, c), and by the implicit
function theorem, u is expressed via x, since 1 — g, S, = (Hygy + Hy)/Hy, # 0 at the point
(x,y,u,c) =(0,0,0,0) (and any point on the singular curve close to it).

The fast system for the reduced system obtained is given by setting ¢ = 0 in the autonomous
3-dimensional system. Then variable u becomes a parameter u = ug and ug is varied near u..
On the leaf ug = u, we get a one degree of freedom Hamiltonian system with the equilibrium at
(x¢, 0) that has the double zero non-semisimple eigenvalue. Using the form (30) of Hamiltonian,
we come to the one-degree-of-freedom system

dx _ hi+2yH + y*Hiy
dt hv+yh1v+y2Hlv '
d_y hx +yh1x +y2Hlx

(33)

dt ~  hy+ yhiy + y*Hy,

As follows from Lemma 6, the difference of Hamiltonians H (x, y, u, v, &) — H(x, y, u, v) is of
the order O (¢). This implies the relations due to (28):

hi = O(e), hy = u + 2bx + 3¢x% + 0(x), yhi = yO(e).

Returning to the system in the whole phase space M, we can also construct the local phase
portrait of the slow system near the singular curve. In this case it is nothing else as the foliation
of slow manifold SM near point s into level lines of Hamiltonian H restricted to this manifold.
This is given by levels of the function h = H(x,0,g(x,v),v) = ho(g(x,v),v) + g(x, v)x +
b(g(x,v),v)x + c(g(x, v), v)x3. The manifold SM has the line of folds (= the singular curve).
This line is projected by the map p on the base B near s as a smooth curve (this curve can be
called a discriminant curve similar to the theory of implicit differential equations, see [2]). It is
clear that the image of SM lies on one side of this curve. Then the curves of the foliation are
projected in such a way that they have cusps at the points of the discriminant curve. This picture
is the same as for a non Hamiltonian slow—fast system with one fast and two slow variables

(see [1]).
5.1. Rescaling near a fold

Here we want to find a principal approximation for the system (33) near a fold point. We use
a blow-up method like in [9,19]. It is not surprising that we meet the Painlevé-I equation here,
like in [15,8], however the derivation is different and more direct.

Let us start with the observation that the one-degree-of-freedom nonautonomous Hamiltonian
S(x,y,u, c) can be written in the form (28), if we expand it in (x, y) near the (x., 0) where on
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the related leaf u = u, the fast system for the reduced system has a parabolic equilibrium
Sx,y,u,c) =so(u,c)+a(u,c)yx —x:)+Bu,c)x — )cc)2 +y@u,c)x — xc)3
+0((x —x)Y) + Y2 S1(x, y,u ),

where a(uc, ) = Buc,c) = 0, a,uc,c) # 0, y(ue,¢) # 0, Si(xc, 0,uc, c) # 0. Denote
x — x. = &. This gives the following form of the reduced system for £ > 0 small enough where
the Hamiltonian S(x, y, u, c, €) is the solution of the equation H = ¢ with H given by (30)

d aS N
a—s =——=-2y5 — yz—1 + O(e),

du ay ay (34)
e——=——=0a,c)+2Bu,c)§ +3yu,c)§"+ 0E") +y"— +y0(e).

du 03¢ &

Now we use the variable T = (u — u.)/e and add two more equations ' = du/dt = ¢ and
&’ = 0 to the system. Then the suspended autonomous system will have an equilibrium at the
point (€, y, u, &) = (0, 0, uc, 0). The linearization of the system at this equilibrium has a matrix
that is nothing else as the 4-dimensional Jordan box. To study the solutions to this system near
the equilibrium, we, following the idea in [9,19] (see also a close situation in [5]), blow up a
neighborhood of this point by means of the coordinate change

£ =r’X, y =rly, u=r*z, e=r, r>0. (35)
Since ¢ = 0 we consider r = /3
form

as a small parameter. The system in these variables takes the

X' = —rQYSi(e,0,ue, ) -1, ¥ =rlow(ue, OZ +3y (e, )X* + -],
Z=r

After re-scaling the time rt = T, denoting’ = d/dT, setting r = 0 we get
X' = -2y, Y =a.Z +3y.X2, Z' =1

where o = o, (uc, c), ¥ = y (e, c). The system obtained is equivalent to the well known
Painlevé-I equation [23,15,17]

da’x )
777 4+ 200Z + 61X~ = 0.
By scaling variables this equation can be transformed to the standard form
d*w
— =6W?—-Z.
dz?

It is known [15,8,5] that this equation appears when the fast system passes through a parabolic
equilibrium. We come to this equation directly using blow-up procedure.

6. Cusp for the slow manifold projection

For the case when s is a cusp for p,, the related singular curve on SM is tangent to the
bundle leaf through s (see above the definition of a cusp and the equality P(§) = 0 in (22)).
Due to the last inequality in (24), this tangency takes place at the only point s, other points
on the singular curve near s are folds. Below, without loss of generality, we assume that s
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is the origin (0, 0, 0, 0). Recall the coordinate representation of the singular curve is given as
(x,0, g(x, r(x)), r(x)), r(0) =r'(0) = 0.

The singular curve is also tangent at s to the level H = H(s) (recall that we assume d H (s)
# 0). Indeed, from equalities H,(0,0,0,0) = Hy(0,0,0,0) =0, g,(0,0) =0, r’(0) = 0 the
tangency follows

d
Ty e S r()), g0, (), () Le=0 = 0.

As ¢ = 0 consider the leaf Fj,, b = p(s), of the symplectic foliation and the fast Hamiltonian
system on this leaf. The system has an equilibrium at s. This equilibrium is degenerate: it has
double zero eigenvalue as for a fold, but this equilibrium is even more degenerate than a parabolic
one. We want to show that the equilibrium is of co-dimension 2. Indeed, its nonlinear terms
satisfy two additional equalities. The partial normal form (27) for such equilibrium in coordinates
on the leaf depends on parameters (u, v) and looks as follows

ar(u,v) 5 az(u,v) 3 as(u,v) 4
X X X
2 3 4
+0(>) + y*Hi(x, y, u, v) (36)

with dho(0,0) # 0, H;(0,0,0,0) # 0, a4(0,0) # 0, a1(0,0) = 0. The equalities
az(0,0) = a3(0,0) = 0 are the first condition for the co-dimension 2 here. They follow from
the assumption for s to be a cusp of the map p, : SM — B. Then equality g, (0, 0) = 0 implies
a(0,0) = 0 and g, (0,0) = 0 implies a3(0,0) = 0. The inequality g+, (0, 0) # 0 leads to
a4(0, 0) # 0. It turns out that the sign of a4 (0, 0) plays the essential role, different signs lead to
different structures of the fast systems on the neighboring leaves (see Figs. 3—4). In these figures
we assume H;(0, 0,0, 0) > 0.

H(x,y,u,v) = ho(u,v) +a(u, v)x +

Remark 6.1. Some additional comments to Figs. 3—4 are necessary. In fact, on these figures
the parameter plane and the related phase portraits are plotted for the systems in a generic two
parameter unfolding of a Hamiltonian system with a singular point of the type of the degenerate
center (Fig. 3) or the degenerate saddle (Fig. 4). The points on the bifurcation curve in the
parameter plane which are marked with the small circles correspond to the phase portraits marked
with the same letters (C*, C™), the points marked with numbers 1, 2, 3 stand for the phase
portraits in the corresponding bifurcation-free parts of the parameter plane. One more circle
marked with the letter k in Fig. 4 corresponds to the one more bifurcation of the formation of a
heteroclinic connection between two saddles. The fast Hamiltonian systems on the leaves close
to that corresponding to the cusp point depend on the parameters (u, v). Near the equilibrium
they have the same phase portraits in dependence on two possible signs of a4(0, 0).

In order the unfolding in “parameters” (u, v) would be generic, the inequality det(D(ay, az)/
D(u, v)) # 0 has to be met at (u, v) = (0, 0). The projection of the singular curve on the base
B ((u, v)-coordinates) is the cusp-shaped curve which is given up to higher order terms in the
parameterized form as follows

ai(u, v) + ax(u, v)x + a3, v)x* + as(u, v)x> + 0(x*) =0,
ax(u, v) + 2a3(u, v)x + 3as(u, v)x2 + O(x3) =0.

To ease again the further calculations we take functions aj, a> as new parameters instead of
u, v using the inequality det(D (a1, a2)/D(u, v)) # 0. Keeping in mind that (u, v) are symplectic
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Fig. 3. Unfolding of fast systems near a degenerate center: « = —sign aq(0,0) = —1, I} ~u, I ~ a.

coordinates on B with respect to the 2-form du A dv we make the parameter change via a
symplectic transformation. To this end, we assume first this determinant be positive, otherwise
we make the redesignation (a, az) — (—ay, az). One of partial derivatives of aj in u, v at (0, 0)
does not vanish, so one can take a; as a new parameter u; = aj(u, v). Adding to that some v in
order to get a symplectic transformation (u, v) — (11, v) we come to the same form of H with
respect to the new variables (u1, vi) and new coefficients a; (11, v1) = u1, ax(u1, v1) which we
again denote as (u, v) and u, az(u, v). Then we get day/dv # 0, since det D(ay, a2)/D(u, v) #
0. After that we have the Hamiltonian H in the form

ax(u,v) 5 az(u,v) 3 as(u,v) 4
X X X
2 3 4
+0(°) + y*Hi(x, y, u, v). (37)

H(x,y,u,v) = ho(uvv)+ux+

At the next step, as in Lemma 6, we transform the initial Hamiltonian near the cusp point to the
form e-close to (37) by a symplectic transformation with respect to the 2-form (2. The Hamil-
tonian takes the form (30) but the term 4 has the form as in (37) with the additional term yh1,
and coefficients in the expansion of % in x differ from those as ¢ = 0 by terms of the order O (¢).
Recall that the identity A (x, u, v, 0) = 0 holds.

Now we want to use again the isoenergetic reduction in a neighborhood of the point
s = (0,0,0,0) and get a family of nonautonomous Hamiltonian systems in one degree of
freedom depending on a parameter c—the value of H. We assume without loss of generality
that H (s) = 0. Due to the assumption d H # 0 at s we know that one of the derivatives (or both)
dhgo/0u, dho/dv does not vanish.To be definite, we assume that the first derivative is nonzero at
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s. One can show that this is not a restriction. This implies that the equation H = ¢ near s can be
solvedasu = S(x, y, v, ¢), S(0, 0, 0, 0) = 0. The derivative S? does not vanish, since it is equal
to (Z)h()/au)_1 # 0 at s. Hence, one can represent S as follows S(x, y,v,c) = So(x, y,v) +
c¢S1(x,y,v,¢),51(0,0,0,0) # 0.

Thus the system with Hamiltonian H (x, y, u, v) can be written on the level H = c as a
nonautonomous Hamiltonian system with one degree of freedom with the new “time” v and
the Hamiltonian S. Instead of v we introduce a fast time via dv/dt = ¢ and add the equation
de/dt = 0. The we get again an equilibrium at (0, 0, 0, 0) for the following system

dx _ h1 +2yH; +y2H1y _g

dt hOu+x+a2ux2/2+a3ux3/3+a4ux4/4+0(x5)+yhlu+y2Hlu »

d_y _ u~+arx +azx® +asxd + o + yhiy + yzHlx __g (38
dt hou +x + aZuxz/z +a3ux3/3 +a4ux4/4+ O(XS) + yhiu + yzHlu v

dv de

— =g, — =0.

dt dt

To study the system near the equilibrium we perform the blow-up transformation

After writing the system in the new coordinates, scaling the time rt = s, setting r = O,
and denoting the constants 0 = 2H;(0,0,0,0)/(0ho(0,0)/0u), A = C/(ho(0,0)/0u),
a = a4(0,0)/(0ho(0,0)/0u), B = (3a2(0,0)/0v)/(3ho(0, 0)/du), we come to the system

X =—0Y, Y=A+BZX +aX?, 7Z=1, (39)

which is just the Painlevé-II equation. More precisely, the Painlevé-1I equation has the following
standard form [6]

d*w

— =2wl+w+a

dz?
Scaling variables and parameters of Eq. (39) reduces it to this standard form.

Thus, we have proved a theorem that gives a connection between an orbit behavior of a
slow—fast Hamiltonian system near its disruption point and solutions to the related Painlevé
equations. We formulate these results as follows. Let a smooth slow—fast Hamiltonian vector field
with a Hamiltonian H be given on a smooth bundle p : M — B where M is a 4-dimensional
presymplectic manifold with rank two 2-form @ compatible with the bundle structure and B is
a smooth 2-dimensional symplectic manifold with a symplectic 2-form A. We endow M by the
symplectic structure 2, = w + ¢! p*A. Suppose for ¢ = 0 the set SM of all zeros of the fast
vector fields generated by H on the symplectic leaves Fj,, b € B, is a smooth submanifold in
M. A point of tangency of SM with the corresponding symplectic leaf not being a critical point
of H is called a disruption point. A disruption point s here is either a fold or a cusp.

Theorem 1. The slow—fast system near a disruption point s after the isoenergetical reduction
can be reduced by some blow-up transformation in the principal approximation to either the
Painlevé-I equation, if s is a fold, or to the Painlevé-II equation, if s is a cusp.
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Fig. 4. Unfolding of fast systems near a degenerate saddle: « = —sign a4(0,0) =1, I} ~u, I ~ a.

Acknowledgments

We are grateful to D. Turaev for the thorough reading and the useful discussions and
A. Givental for the advices and explanations. We also thank an anonymous referee for the
valuable remarks that allowed us to improve the presentation. We are also grateful to V. Epifanov
for the help in making figures.

This paper was supported by the grant 14-41-00044 of the Russian Science Foundation.
L.M.L. acknowledges partial support from the Russian Foundation for Basic Research (Grant
14-01-00344a). E.1Y. is thankful for a partial support to the Russian Ministry of Science and
Education (Project 1.1410.2014/K, target part) and the Russian Foundation for Basic Research
(Grant 16-01-00312a).



1244 L.M. Lerman, E.I. Yakovlev / Indagationes Mathematicae 27 (2016) 1219—1244
References

[1] V.S. Afraimovich, V.I. Arnold, Yu.S. Ilyashenko, L.P. Shilnikov, in: V.I. Arnold (Ed.), Dynamical Systems. V.
Bifurcation Theory and Catastrophe Theory, in: Encyclopaedia of Mathematical Sciences, vol. 5, Springer-Verlag,
Berlin and New York, 1994.

[2] V.I. Arnold, Geometrical Methods in the Theory of Ordinary Differential Equations, in: Grundlehren der
Mathematischen Wissenschaften, vol. 250, Springer-Verlag, New York, 1983, p. x+334.

[3] V.I. Arnold, Mathematical Methods of Classical Mechanics, second ed., Springer-Verlag, 1989.

[4] V.I. Arnold, S.M. Gusein-Zade, A.N. Varchenko, Singularities of Differentiable Maps, Volume I, Birkhduser, 1985.

[5] H. Chiba, Periodic orbits and chaos in fast—slow systems with Bogdanov-Takens type fold points, J. Differential
Equations 250 (2011) 112-160.

[6] P.A. Clarkson, Painlevé equations — nonlinear special functions, J. Comput. Appl. Math. 153 (2003) 127-140.

[71 M. Desroches, J. Guckenheimer, B. Krauskopf, C. Kuehn, H. Osinga, M. Wechselberger, Mixed-mode oscillations
with multiple time scales, SIAM Rev. 54 (2) (2012) 211-288.

[8] D.C. Diminnie, R. Haberman, Slow passage through a saddle-center bifurcation, J. Nonlinear Sci. 10 (2) (2000)
197-221.

[9] F. Dumortier, R. Roussarie, Canard cycles and center manifolds, Mem. Amer. Math. Soc 121 (577) (1996).

[10] N. Fenichel, Geometric singular perturbation theory for ordinary differential equations, J. Differential Equations 31
(1979) 53-98.

[11] V. Gelfreich, L. Lerman, Almost invariant elliptic manifold in a singularly perturbed Hamiltonian system,
Nonlinearity 15 (2002) 447-457.

[12] V. Gelfreich, L. Lerman, Long periodic orbits and invariant tori in a singularly perturbed Hamiltonian system,
Physica D 176 (2003) 125-146.

[13] V. Gelfreich, D. Turaev, Unbounded energy growth in Hamiltonian systems with a slowly varying parameter,
Comm. Math. Phys. 283 (3) (2008) 769-794.

[14] M.J. Gotay, On coisotropic inbeddings of presymplectic manifolds, Proc. Amer. Math. Soc. 84 (1) (1982) 111-114.

[15] R. Haberman, Slowly varying jump and transition phenomena associated with algebraic bifurcation problems,
SIAM J. Appl. Math. 37 (1) (1979) 69-106.

[16] M. Hirsch, C. Pugh, M. Shub, Invariant Manifolds, in: Lect. Notes in Math., vol. 583, Springer-Verlag, 1977.

[17] A.R. Tts, V.Yu. Novokshenov, The Isomonodromic Deformation Method in the Theory of Painleve Equations,
in: Lecture Notes in Mathematics, vol. 1191, Springer-Verlag, 1986, p. 313.

[18] Sh. Kobayashi, K. Nomizu, Foundations of Differential Geometry, in: Wiley Classics Library, vol. 1, 1996.

[19] M. Krupa, P. Szmolyan, Geometric analysis of the singularly perturbed planar fold, in: C.K.T.R. Jones, et al. (Eds.),
Multiple-Time-Scale Dynamical Systems, Springer Science + Business Media, New York, 2001.

[20] J.E. Marsden, T.S. Ratiu, Introduction to Mechanics and Symmetry, second ed., in: Texts in Appl. Math., vol. 17,
Springer-Verlag, 1999.

[21] J.D. Meiss, Differential Dynamical Systems, in: Mathematical Modeling and Computation, vol. 14, SiAM,
Philadelphia, 2007.

[22] A.L Neishtadt, Averaging, passage through resonance, and capture into resonance in two-frequency systems,
Russian Math. Surveys 69 (5) (2014) 771-843.

[23] P. Painlevé, Mémoire sur les équationes differentielles dont I’intégrale générale est uniforme, Bull. Soc. Math. 28
(1900) 201-261;

P. Painlevé, Sur les équationes differentielles du second ordre et d’ordre supérieur don’t I’intégrale générale est
uniforme, Acta Math. 21 (1902) 1-85.

[24] T. Poston, I. Stuart, Catastrophe Theory and its Applications, Pitman, 1978.

[25] J.A. Sanders, F. Verhulst, J. Murdock, Averaging Methods in Nonlinear Dynamical Systems, second ed., in: Appl.
Math. Sci., vol. 59, Springer-Verlag, 2007.

[26] L.P. Shilnikov, A.L. Shilnikov, D.V. Turaev, L.O. Chua, Methods of Qualitative Theory in Nonlinear Dynamics: In
Two Vols, in: World Sci. Ser. Nonlinear Sci. Ser. A Monogr. Treatises, vols. 4, 5, World Sci. Publ., River Edge, NJ,
1998, 2001.

[27] S. Sternberg, Lectures on Differential Geometry, Prentice Hall, Inc., Englewood Cliffs, NY, 1964.

[28] H. Whitney, On singularities of mappings of euclidean spaces. I. Mappings of the plane into the plane, Ann. of
Math. 62 (3) (1955) 374-410.


http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref1
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref2
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref3
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref4
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref5
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref6
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref7
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref8
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref9
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref10
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref11
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref12
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref13
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref14
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref15
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref16
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref17
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref18
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref19
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref20
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref21
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref22
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref23a
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref23b
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref24
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref25
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref26
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref27
http://refhub.elsevier.com/S0019-3577(16)30055-6/sbref28

	Geometry of slow--fast Hamiltonian systems and Painleve equations
	Introduction
	Hamiltonian slow--fast systems

	Presymplectic manifolds and smooth bundles
	Symplectic submanifolds transverse to the vertical foliation
	Slow manifold and nearby orbit behavior
	A neighborhood of a regular point of  SM 
	Neighborhood of a singular point of  SM 

	Folds for the slow manifold projection
	Rescaling near a fold

	Cusp for the slow manifold projection
	Acknowledgments
	References


