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Nontame Morse—Smale flows and odd
Chern—Weil theory

Daniel Cibotaru and Wanderley Pereira

Abstract. Using a certain well-posed ODE problem introduced by Shilnikov in the sixties, Minervini
proved the currential “fundamental Morse equation” of Harvey-Lawson but without the restrictive
tameness condition for Morse gradient flows. Here, we construct local resolutions for the flow of
a section of a fiber bundle endowed with a vertical vector field which is of Morse gradient type
in every fiber in order to remove the tameness hypothesis from the currential homotopy formula
proved by the first author. We apply this to produce currential deformations of odd degree closed
forms naturally associated to any hermitian vector bundle endowed with a unitary endomorphism
and metric compatible connection. A transgression formula involving smooth forms on a classifying
space for odd K-theory is also given.

1 Introduction

The well-known Morse Lemma gives the canonical form of a Morse function f on a
compact, Riemannian manifold (M, g) around a critical point but does not provide
information about the gradient flow. On the other hand, the Hartman-Grobman
theorem gives the topological conjugacy class of the gradient flow around a critical
point. However, there are important situations where both of these classical results
are insufficient as in the next context. Suppose one is interested in taking a smooth
submanifold S and “flow it through” a critical point. More precisely, suppose S lies
within a regular level ¢ — ¢ of the Morse function “before” a critical level and we look
atits “trace” ata regular level ¢ + ¢, meaning the intersection of the (forward) flow lines
determined by S with level ¢ + €. Obviously, this “trace” can be empty if S is contained
in the stable manifold of the critical point. So a transversality condition with the stable
manifold is naturally imposed. The natural question is can one say anything about
the structure of the closure of the “trace” at level ¢ + €2 One expects to get at least a
rectifiable set because of transversality. In order to show this, one aims in general to
prove something slightly stronger, namely the existence of a manifold with corners
of the same dimension as the submanifold and a proper “projection” which maps to
the closure of the trace and is one-to-one almost everywhere. This is the resolution.
In order to make this rigorous, a “tameness” condition on the triple (M, g, f) is very
helpful. We recall the definition from [12]. A Morse function f is called tame if around
each critical point one can find coordinates that fulfill two requirements, the metric is
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flat in these coordinates and the Morse function has the canonical form of the Morse
Lemma. An immediate consequence of tameness is that the eigenvalues of the Hessian
of f are +1. This gives an idea of how restrictive tameness is. On the positive side, the
flow has the simplest form possible and one can prove, by performing a blow-up of
the intersection of the submanifold S with the stable manifold of the critical point
that a resolution of the closure of the “trace” is available. In fact, one can prove that
such a manifold with corners resolution is available also for the closure of the entire
“flow-out” of the submanifold between levels ¢ — € and ¢ + €. More general situations
are contemplated in [5, 15].

The existence of such resolutions has important consequences. The “fundamental
Morse equation” proved by Harvey-Lawson in [12] says that for the gradient flow ¢ :
R x M — M induced by a tame f, which additionally satisfies Smale’s transversality
condition there exists a rectifiable current T on M x M such that

dT=A- > UpxS,,
peCrit(f)

where A is the diagonal and U, and S, are the unstable, resp. the stable manifold of the
critical point p. To be a bit more precise, the submanifold in this case is the diagonal
and the flowison M x M via ¢ in the first component of the product and keeping fixed
the second component. In his PhD thesis, Latschev [15] also used the resolution idea
and extended these results to Morse-Bott—-Smale flows. The first author developed this
point of view further in [5] in order prove a generalization of the “fundamental Morse
equation” this time for sections of fiber bundles, satisfying adequate transversality
conditions. Even with the tameness condition in place, the rigorous details of the
construction of the resolution are quite involved. This is related to the fact that
flowing the image of the section of a fiber bundle through the critical locus raises
new challenges, bearing in mind that the transversality conditions naturally imposed
do not give information about how the section intersects the critical locus, but just
how it intersects the stable manifolds.

Completely new ideas are necessary in order to deal with the nontame case. In his
PhD thesis, Minervini [18] used a combination of results of Shilnikov [22] on a certain
type of ODE problems together with objects he introduced, called “horned stratified
spaces” in order to prove the Harvey-Lawson theorem without the tameness condi-
tion. Applications to Morse-Novikov theory were given by Harvey and Minervini in
[14]. In this article, we take the next natural step and remove the tameness condition
from the currential homotopy formula of [5]. One slight simplification is added in,
the model flows in each fiber are assumed here Morse as opposed to Morse-Bott in
[5]. We plan to return to the Morse-Bott case somewhere else.

The novelty here is that we implement a combination of ideas of Latschev [15] and
Minervini [18] in our present approach and hence we do not rely on the “horned
stratified spaces” of the latter. Roughly, we use Shilnikov-Minervini local analysis of
the closure of the graph of the flow which will give a local resolution (see Theorem
2.6) of the flow-out of the section, but use induction on the critical levels ala Latschev
for the proof of the next homotopy formula.

Theorem 1.1 Let m: P — B be a fiber bundle with compact fiber. Let X be a horizon-
tally constant Morse-Smale vertical vector field and denote by ® : R x P — P the flow
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induced by X. Let s : B— P be a section transverse to all the stable manifolds S(F)
associated to the critical manifolds F of X and let §;(b) := (®;(s(b)),s(b)), b € B. Then

T = &([0,+00) x B)

defines a (n + 1)-dimensional rectifiable current of locally finite mass and if B is compact
then T is of finite mass.
Moreover, the following equality of currents holds in P xp P:

(8] dT = gU(F) xp s(s7(S(F))) = (§0)«(B),

where U(F) are the unstable manifolds of X.

Recall that a vertical vector field X on the total space of a fiber bundle P — B is
called horizontally constant if there exist local trivializations of the fiber bundle such
that X has a zero horizontal component in this trivialization. As a consequence, the
flow induce by X is, up to diffeomorphism, the same in every fiber. It also means that
if the flow in the fiber is Morse-Bott, then the critical sets F of X are manifolds and so
are the sets S(F) and U(F).

An immediate consequence (see Corollary 3.3) of Theorem 1.1 is the explicit
computation of the following limits in the weak sense

fm st
where s; := ®; o s and w € Q*(P). This immediately justifies a transgression formula
for closed forms w

(1.2) tlim s;w—s"w=dT(w)

by using the standard yoga of kernels versus operators.

This Poincaré duality type of result is a source of many applications (see [6])
even in the tame case. In an early preprint of [5] posted on arXiv an application to
(1.2) concerning certain odd degree forms on the unitary group was included. The
flow used, however, did not satisfy the tameness hypothesis and the application was
removed from the published version. We present it here in a more general context, but
not before revisiting a classical topic and introducing some new objects which seem
of independent interest.

Chern-Weil theory is an important source of closed forms arising from geometric
data. To any complex vector bundle E — B of rank n endowed with a connection V and
a GL(n) invariant polynomial P in the entries of an n x # matrix one has an associated
closed form P(F(V)). For homogeneous P one gets that P(F(V)) is of even degree,
more precisely twice the degree of P. The deRham cohomology class of P(F(V)) does
not depend on V.

In order to get odd degree forms we endow E — B with an automorphism A :
E — E. Then, we associate to the quadruple (E, A, V, P) a closed form TP(E, A, V)
which satisfies the following properties: it is natural with respect to pull-back, the
cohomology class determined by TP(E, A, V) does not depend on the connection
V, the same cohomology class does not change under deformations of A in the
same homotopy class. We prove all these properties in Section 5 for hermitian vector
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bundles but the interested reader can adapt the results without difficulty to other
structure groups. While these objects are instances of the Chern-Simons difference
forms, they should not be confused with what are widely called Chern-Simons forms
[2], forms that live on the total space of a principal bundle and which are not closed.
Related formulas for the transgression of the Pfaffian form have appeared in [1, 8].
Let P = ci be the invariant polynomial induced by the kth elementary symmetric
polynomial. The following statement, which generalizes a result of Nicolaescu ([19],
Proposition 57) also gives a description of the Poincaré duals to Tcx(E, g, V).

Theorem 1.2 Let E — B be a trivializable hermitian vector bundle of rank n over an
oriented manifold with corners B endowed with a compatible connection. Let g : E — E
be a smooth gauge transform. Suppose that a complete flag E = Wy > Wy 2 -2 W, =
{0} (equivalently a trivialization of E) has been fixed such that g as a section of U(E) is
completely transverse to certain (see (6.1)) submanifolds S(Ur) determined by the flag.
Then, for each 1 < k < n there exists a flat current Ty such that the following equality of
currents of degree 2k — 1 holds:

(1.3) TCk(E,g,V) —g_l(S(U{k})) =dTy,
where

g_l(S(U{k})) = {l’) €B | dim Ker (1 +gb) N (Wk—l)h =1,
dimKer (1+ g5) n (W), = 0}.

In particular, when B is compact without boundary, then Tcy(E,g,V) and
g7 (S(Ugwy)) are Poincaré duals to each other and (1.3) is a spark equation [2,13].

The condition that E — B be trivializable is related to the nontame flow used in
the proof which requires the existence of a complete flag E = Wy o --- > W, = {0} of
vector sub-bundles. It is an interesting question of how one can describe the Poincaré
duals to Tck (E, g, V) for a general E.

The next application is to families of self-adjoint Fredholm operators. Fix H a
Hilbert space. The space of unitary operators U € U(H) such that 1 + U is Fredholm
is a classifying space for odd K-theory. This space is a Banach manifold but is
“too big” to build smooth differential forms. Restricting the attention to the Palais
classifying spaces U? which are unitary operators of type 1+ S where S belongs to
some Schatten ideal, e.g., trace class or Hilbert-Schmidt operators then Quillen [21]
was able to construct several families of smooth forms all representing the components
of the odd Chern character. When one has a smooth family of Dirac operators Djp
parametrized by a smooth and finite dimensional manifold B then by taking the Cayley
transforms one gets a smooth map ¢ : B - U?. The pull-backs of the Quillen forms
compute the cohomological analytic index determined of the family.

Let us remark that in the finite dimensional case, the Quillen forms on U(n) have
explicit formulas in terms of the odd Chern-Weil forms arising from the trivial vector
bundle C" over U(n) endowed with the tautological unitary endomorphism and
trivial connection, i.e., in terms of the standard deRham generators of the cohomology
ring of U(n).

On the other hand, in [4], we produced explicit representatives for the Poincaré
duals of these classes using the infinite dimensional analogues of the stable manifolds
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S(U{ k}) which appear in Theorem 1.2. We used sheaf theory in [4] in order to be
able to define cohomology classes arising from certain stratified spaces, called quasi-
manifolds on an infinite dimensional Banach manifold. Here, we exchange the sheaf
theoretical approach from [4] with the currential approach and show that under the
expected transversality hypothesis one can produce a transgression formula, strength-
ening thus the results from [4]. Transgression formulas in an infinite dimensional
context have appeared also in [24].

Theorem 1.3 Let ¢ : B — U? be a smooth map from a compact, oriented manifold B,
possibly with corners such that ¢  Z¥ for every I. Let Qi be a Quillen form of degree
2k — 1that makes sense on UP. Then for every such Qy, there exists a flat current Ty, such
that:

(1.4) 9 Ziy — (-1 (k- 1)19* Qg = d Ty

k—
In particular, when B has no boundary, %(p‘?f k) Tepresents the Poincaré dual of

chyk_1([@]), where [¢] € K™!(B) is the natural odd K theory class determined by ¢.

The proof of this result reduces to Theorem 1.2 via symplectic reduction.

A few more comments about the structure of the article are in order. Section 2
which revisits Shilnikov theory, also adds some details to Minervini’s presentation in
[18]. In particular, Theorem 2.4 introduces some flow-convex neighborhoods that are
fundamental later on. The main technical part of the proof of the main Theorem 1.1 is
contained in the rather long Section 4. We felt it necessary to present many complete
arguments. The proof is by induction and the amount of data one has to carry from
one step to another is quite substantial. That is why we paid special care in proving
properties like properness or injectivity of the flow-resolution map. To get a feel for
the level of technicality the reader can take a quick glance at Proposition 4.9 which
is the key step in the induction. In essence, the main idea of the proof of the main
Theorem is to follow the same steps as the induction proof presented in the Appendix
of [5], but to substitute the oriented blow-up technique which takes care of the local
picture in [5] with Minervini’s Theorem 1.3.21 which appears here as Theorem 2.6. The
advantage of the presentation in [5] via blow-ups is that several maps are explicit and
several properties come for free (e.g., a blow-down map is proper). This, of course,
is a consequence of tameness. On the negative side, one works hard in [5] to show
that the relevant maps have regularity C' while here the regularity is C* and it is a
consequence of the Minervini-Shilnikov theory.

The models in the fiber are classical Morse-Smale flows associated to gradients of
Morse functions. The results ought to hold also for the Morse-Smale quasi-gradients
as defined in [17]. One point that made us cautious is contained in Remark 2.5 and is
related to the properties of the flow-convex neighborhoods of Theorem 2.4.

A proof of the main Theorem appeared in the PhD thesis [20] of the second author.
Some arguments have been simplified in this presentation.

2 Minervini-Shilnikov theory

We review some results about certain well-posed ODE problems studied by Shilnikov
in the 1960s. We borrowed the terminology that gives the title of this section from the
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main reference [18]. Where the complete proofs were skipped, the reader will find the
details in chapter 1 of [18].
Let (x,y) be coordinates in R* x R¥. With respect to this decomposition, let
-
L= 0 I?J' be a constant, real coefficients matrix, in which the real parts of the
eigenvalues of L~ are strictly negative, say —A; < --- < —\; <0, and those of L* are
strictly positive, say 0 < y; <--- < y,. For the situation, we are interested in, L is

symmetric.
Consider the ODE system in R* x R*:
x=L"x+f(x,y)
21 .
- { y=L"y+g(x,y),

where F = (f, g) : R®* x R* — R*® x R is a differentiable function satisfying
F(0,0) = (0,0) and dF(0,0) = (0,0).

Given atriple (xg, y1, 7) € R® x R* x [0, +00) a boundary value problem (BVP) for
the ODE (2.1) has the following form

x=L"x+f(x,y)

y=L"y+g(x,y)
(22) x*(0) = xg
(1) =y,

where the solution (x*(¢), y*(t)) is defined in the interval [0, 7]. The solution at time
t to the BVP (2.2) with data (xo, y1, 7) is denoted
(x*(t, X05 Y15 T)) y*(t) X05 Y15 T))
The “end point” (x;', y§ ) for the BVP solution is
17 (%0, Y1, T) = x* (7, %0, Y1, T)
yo (%0, y1,7) = ¥*(0, x0, y1, T).

We compare this with the solution at time ¢ of the initial value problem with data
(03 0, t = 0) for which the following notation is used

(2.3)

(x(t,x0, ¥0)> ¥(t, %0, ¥0))-
Notice that
x(t, %0, yo0) = x*(t, %0, y(7, %05 ¥0), T)
(2.4) y(t, %0, y0) = y*(t, x0, (7, X0, Y0)> T)
x* (8, %0, Y1, 7) = x(t, %0, ¥y (X0, Y1, 7))
Y (t,x0, 1, T) = y(t, X0, y5 (%05 Y1, 7))

Let
ol
(2.5) 65 = sup | < oo
|x,y|<e |m|<k d(x, )
where |x, y| := max{|x|,|y|} and | - | denotes the euclidian norm.
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Figure I: Boundary Value Problem

Quite similarly to the Cauchy problem for ODE and proceeding in the standard
way, i.e., writing the BVP as a system of integral equations and using Banach Fixed
Point theorem, the following general result holds:

Theorem 2.1 Suppose € > 0 is such that the the estimate 85, < min{\,, i, } holds. Then
the BVP for the system (2.2) is solvable for any data (xo, y1, 7) in the “ball” |xo, y1| < €.
The solution is unique, it depends smoothly on all its arguments and satisfies:

|x*(£), y* ()] < 2|x0, ;|, Vte[0,7].

It turns out that the integral equations equivalent to the BVP (2.2) make sense also
for 7 = oo in which the only given spatial coordinate is x*(0) := x,. The correspon-
dence xo - y*(0) is smooth and its graph is an invariant manifold of the flow, tangent
to y = 0 at the origin. This is in fact the stable manifold of the origin and using the
obvious change in coordinates that takes the graph diffeomorphically to the domain
of definition one notices that the original vector field

X= (X, Xp) = (L x+ f(x,9), LTy + g(x, %))

gets conjugated to one for which the stable and unstable manifolds coincide with the
x and the y axes at least locally.

Theorem 2.2 There are smooth coordinates centered at the origin such that (2.1) can be
written as

¢ =L x+ f(x,y)x
(2.6) { o ~
y=LTy+2(x )y,
where f : R*** — End(R®) and § : R** — End(R*) are square matrices of func-

tions that vanish at the origin. Moreover, in a neighborhood of the origin in the new
coordinates, the stable and unstable manifolds are given by So = {y =0} and Uy =

{x=0}.
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Gronwall Lemma is used to prove some useful estimates for solutions of BVP in
straighten coordinates.

Theorem 2.3 Lete, o > 0 be such that § := 85, < a < max{Ay, 1 }. Then the solution of
the BVP defined by system (2.6) with spatial data |xo, y1| < € satisfies for any T € [0, c0)
and t < 1 the following inequality

(2.7) |x* (£, x0, y1, T)| < |x0le” (a—0)¢
. ly*(t, x0, y1, T)| < |y |e(tx 8)(t-1).

In particular,

I (x0, y1, 7)| < |xple™ (&7
- 0 ~(a-8)7

lyo (%0, y1, T)| < [31]e )

k%
Estimates are available also for any partial derivative (:0”;11@ e yo o forder k
in the form:
(2.9)
oFx; oy

Cke—(oc—k(?)r

< Cke—(a—ké)r’ ’

Fremest Frement <
9(x0, y1, 7) ' (oy0:7) 9(x0, y1, T) ' (oo217)

for some constant Cy which does not depend on (xo, y1, 7).
Let Q be a neighborhood around the origin and suppose the vector field X has the
form (2.6).

We will choose a “cube” C, = {(x,y) e R* xR¥; |x, y| < e} ¢ Q of radius ¢ >0
which satisfies the hypothesis of Theorem 2.1. The cube has the following boundary

pieces:
0"Ce ={(x,y) e R* xR"; |x| = ¢,|y| < &}
and
= {(x.y) € R xRY x| <e,]y] = ).
Denote

Vo ={(x,y) € Ce [ x| -]yl = 0} = So U Uo.
In order to state the next result the partial order notation for the flow determined
by X is useful, i.e.,
pr=<pa
will say that there exists a forward flow line from p; to p,.

Theorem 2.4 Suppose L™ and L™ are symmetric.
Then for & small enough X is transverse to 0*C, and to 0~ C,. In addition, the
following properties hold for C, with respect to X:
(1) Flow-convexity: for every pair q; < g, with q1, q2 € C, and every qi < p < g, one
has p € C, and
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y A
o Cg Y !J-(xo. YO)
Ce
0" C,

(XO.yO)

\

Figure 2: Dulac map and the neighborhoods V;;

(2) Dulac map: there exists a “first encounter” diffeomorphism
p= (1 p2) : 9" C\So —> 9~ Ce\Uo
induced by the flow that satisfies
u(xy) = (%), V(x,y)€0"Ccna C,
(3) Continuity of y; close to Sy: for every 0 < y < ¢, there exists 0 < yo < € such that
V(x,y) € 0" C, with |y| < yo one has |u(x, y)| < 3
(4) Fundamental neighborhoods: let 0 < y < € and
Vy={peCe|3q=(x1,01) €0 Cs, |1|]<y, p<qtuVy
Then Vy is a flow-convex neighborhood of Vi in Ce such that
vy - Vg,
i.e., for every neighborhood U of Vg there exists yo > 0 such that Vy; c U.
The following figures illustrate the properties encountered in Theorem 2.4.

Remark 2.5 Without the symmetry property of L =L @& L* the claim about
transversality of X with 9" C,, 0~ C, fails even in the linear case. This seems to have

L2 ),g:O.Then

been overlooked in [18]. Take s =0, u =2, L* := ( 0 1

(L*(y1,y2)s 1 32)) = (n + 32).
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Hence, X = L* on R? is hyperbolic but has points of tangency along the antidiagonal
with any coordinate sphere.

Proof The tangent spaces to the cylinders 0*C, and 0~ C, at points (x,y) are
described via:

T(ey)"Ce = {(v1,v2) €R" | (v1,x) = 0},

Ty Ce = {(mv2) € R"| (v2,) = 0}.

Hence, we need to look at

(X102, ), %) = (L7, 2) + (f (x, y)x.x)

and
(Xa(x,9), y) = (L7, y) + (&(x, ¥) y, p).

We have that (f(x, y)x,x) = o(|x|?) uniformly in y and (g(x, y)y, y) = o(|y|?) uni-
formly in y since f and § are continuous and vanish at the origin.

The symmetry and definiteness of L™ and L* imply now that there exists ¢, and ¢,
such that

(L™x, %) + (f(x, y)x,x) <0 VO<|x|<e,V |yl <a

and

(LT, ) +(g(x, ), 9) >0 VO<[|y|<erV |x]<en.

For ¢ < min{é;, &, } we get the transversality of X with both 0*C,.

Proof of (1). Let q; = (x1, y1) < g2 = (%2, ¥2)> 41,92 € Ce. Let 7> 0 be the time
needed to “travel” from q; to g, ie., (x2,y2) = (x(7,x1, 1), (7, %1, ¥1))- Now,
consider the BVP defined by X with data (x1, y,, 7). Since |x, y2| < ¢, it follows from
the Theorem 2.3 that for all 0 < ¢ < 7, the following holds:

—(a=8)t < |X1| <E,

(a=0)(t-7)

Ix*(t, %1, y2, T)| < |xa]e

ly* (£, x1, y2, T)[ < [ y2le 72| <e.

Therefore, the portion of the trajectory comprised between ¢; and ¢, is contained
in C;.

Proof of (2). Consider (xo,yo) € 07C, with |yo| < &. The normal vectors v at
(x0, ¥0) to 0" C, that point to the interior of C, are described by the inequality
(v1,x0) < 0 and we already chose ¢ so that the vector field X satisfies such an inequality.
Hence, either the trajectory (x(t, xo, ¥0), ¥(£, X0, yo)) will belong to the interior of C,
for small ¢ > 0 or (xg, yo) € 0*Ce N0~ C; i.e. |yo| = &, which is not the case.

Suppose t > 0. For yo # 0 we have tginw(x(t), y(t)) # (0,0) and the trajectory cuts

again the boundary of C;. This happens because in the cube C, the function ¢ — |x(¢)]
is decreasing while t — |y(t)| is increasing. Indeed the derivatives of the square of
these functions are equal to

(X1(x,y),x) and (Xa(x,y),y), respectively
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and by our choice of ¢ above the first one is negative while the second one is positive
as long as they are not 0 which would happen for a stable or unstable flow line.

Let (x1, y1) € 97 C, U 0~ C, be the first point where this trajectory hits the boundary
again and 7 > 0 the time needed to get from (x, yo) to (x1, y1).

Since (Xi(x,y),x) is a continuous function we see that (x;, y1) ¢ 07 C,\Sp and
moreover |x;| < ¢, because

—(a=08)1

(2.10) |x1] = |x* (7, %0, y1, T)| < |x0]e < |xo| < e.

Define y, for the time being, as the map that associates to every (xo, yo) €
0" C:\(Sp U 07 C;) the point of “first encounter” (x1, y1) € 9~ C,\(Uy U 9" C,) which
lies on the same trajectory.

Suppose now that |xo|=|yo|=¢e. If there exist 79 >0 such that
(x(70>x0> ¥0)> ¥(70> X0, ¥0)) = (x5, ¥5) € Ce, define the BVP with data (x, ¥, 70)-
Then, we get a contradiction from the estimates

e = [yol = |y (0:x0, 70, 70)| < [ygle™ ™ < Jyg| <ce.

Hence, for |xo| = |yo| = ¢, the trajectory determined by (xo, yo) only intersects C; in
(x0, yo)- Therefore, the natural extension of y to 0" C, n 9~ C, is equal to the identity
on this set.

The map u is clearly bijective. The differentiability of y is standard and proved
along the following lines. The essential part is to prove the differentiability of the time-
function that associates to each (xo, o) the time #(xo, yo) it takes to get to u(xo, yo).
Fix one such (x¢, y9) and use the diffeomorphism of the flow that corresponds to
time #(xg,yo) to flow a small open neighborhood of (xq, yo) inside 0*C, which
does not contain points in the stable manifold to an n —1 dimensional manifold
H which contains p(xg,y0) and is still transverse to X. Since u(xo,yo) is not a
critical point put coordinates in order to turn X into the generator of the first
coordinate-translation by unit-time. One arrives thus at the problem of having to
prove differentiability of the time-function obtained by going from one hypersurface
to another hypersurface through the origin and both transverse to the first coordinate.
That is simply the difference in height functions where the height is the first coordinate,
hence a differentiable function.

Proof of (3). Suppose that there exists 0 < y < ¢ and a sequence (X, Yo, ) such that
|x0n| = & |Yon| — 0 (you # 0) when n — oo and |x1,,| > y for all n where p(x0,> Yon) =
(X115 Y1) € 0 Ce. Let 7, > 0 be the sequence of moments such that

(x(Tn>xOn>y0n)>y(Tna xOnayOn)) = (xln, yln)-

It follows from the following estimates (see also (2.10))

(2.11) y < |x1n| < |xon|e—((x—5)1n < se—(oc—é)‘r,,

thatrngln(e) ! .
y)a-90

We can therefore select a convergent subsequence (xgy,, Tn, ) — (x4, 7"). Note
that 7/ > 0, because if 7’ = 0 then |yg,,| —> . Indeed, the only points for which it
takes 0-time to go from 0*C, to 0~ C, are the points on 9*C, n 9~ C, and it is not
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hard to see that, due to the continuity of the time-function, the shorter the time it
takes to get to 9~ C, the closer to 0" C, n 0~ C, the starting point has to be.
Since [y(Tn, > Xon, > Yon, )| = |¥1n, | = € we get that a contradiction with

Y(Tng> Xone»> Yon, ) = ¥(7',x",0) = 0.

The later holds because the trajectory determined by (x’, 0) is stable.

Proof of (4). The flow-convex property is immediate from the analogous property
of C,.

Suppose the V¢ is not a neighborhood of V. Hence, there exists a sequence
(x> yn) € Cf\Vys with (x,, y,) — (v1,v2) € V{. Thus either x, — 0 or y,, —> 0.

As none of the points (x,, ¥,) is on So U Uy there exist points of “first encounter”
(x0n> You) € 07 Ce and (x14, Y1) € 0~ C, such that

(-xOmyOn) < (xnayn) < (-xlnayln)-

Since (x,, yn) ¢ V; it follows that [x1,[ > y.

The case x,, — 0 is disposed immediately by considering the BVP (x,, y1,, 7»)
where 7, is the time it takes to go from (x,,y,) to (X1, y1). Then, we get a
contradiction in

Y < |x1n] < [xa]e @™ < |x,| > 0.

For the case y, — 0 consider the BVP with data (x¢,, y1, 7,,) where 7/, now is the
time it takes to get from (x9,, Yon ) t0 (X1,> ¥1n)- Recall that |xg,| = |y1,| = €. We obtain

—(a—8)7" £ 1
y§|xln|§|x0n|e (=0 = Tn Sln(g)a_a-

[onl < lyale @ <y,

where 0 < s, < 7),. Since |y,| —> 0, we have yo, — 0.

Now, since |xo,| = € and 7/, are bounded and y, — 0, we are in the same scenario
that led to a contradiction in the proof of item (3).

In order to prove that lim,_,o V; = V§ as defined in the statement it is enough to
prove that

(2.12) NV, =Vs

for any decreasing sequence y,, — 0. Indeed if (2.12) holds then fix one such sequence
Y. Suppose Ju, € V}fn\U for all ». Since Vi cC V}fn and Vi (the closure in C,) is
compact we get that we can extract a convergent subsequence u,, whose limit neces-
sarily belongs to N V;; = V. But this is a contradiction with U being a neighborhood
of Vy.

In order to prove (2.12), take a point a = (x, y) €N V, such that x # 0 # y. Since
y # 0 it follows that a ¢ Sy and therefore a lies on a trajectory which hits 0"C; in a
point b = (x', y") ¢ Up, i.e., x" # 0. But a € NV, implies that |x[ < y,, for all n, hence
x" = 0. Contradiction. |

The properties of these neighborhoods will enable us in Section 3 to control the
deformation of subsets by the flow of a vector field.
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The fundamental local tool we will use in the next sections is Theorem 1.3.21 in [18]
which we now state.

Theorem 2.6 Let C. c Q be a cube as in Theorem 2.4 and let C, be its interior. If
y; denotes the flow of the vector field X = (L™ + f,L* + g), then the closure of the
submanifold

2.13

. W={(ty(x9)x); (x,y) e R*xR*, 0<t<1}n(Rx Ce x Ce)
inside (Ce x C; x R) is a smooth submanifold with boundary

(214) W = {1} x (Ug n C.) x (Son C) {0} x A,

where &e = {(p,p)[pe Ce} denotes the diagonal in C, x Cs.

Proof (Sketch) The idea is to turn to BVP coordinates via (2.4) in

* T % T
W = {(T,x1 (xO,yl, :) > Y1, X0, Yo (x(),yl, ;))

Use now (2.9) to conclude that x;* and y; converge uniformly to 0 when 7 — 1together
with their derivatives, obtaining thus that W is the graph of a smooth function over
C. x [0,1]. ]

|x0, y1| < &, 7 € (0,1)}.

Remark 2.7 It is easy to see that the projection of W onto the C, x C, components
coincides with the intersection Uso §:(Ag ) N (Ce x C,) where ¥ is the flow on
R¥** x R*** that is equal to y in the first component and leaves the points fixed
in the second component. Take (a,b) € Usso ¥:(Ag,) N (Ce x C,). Then, there exist
tn > 0 and u, € R*™* such that (yt, (un), un) — (a,b). Since a,b € C, one has that
Un, ¥, (un) € Ce for n big enough. In fact, by passing to a subsequence either ¢,

converges or t, — oo. Let s, € [0,1) be such that ¢, = -~ we get that (a,b) = limz,

where (z,,,s,) € W converges in [0,1] x C; x C,. The other inclusion is also obvious.

Remark 2.8 We will need a slight extension of this results in the simplest situation
when there exists a central manifold. If the vector field Y on R® x R* x R is of type
(X, 0) with X as before, not depending on z € R¢ then rather than taking the graph of
the flow y¥ of Y in R® x R* x R¢ x R® x R* x R¢, it makes sense to forget about one
stationary variable R¢ and consider the corresponding WY of Theorem 2.6 to be

WY = {(t,v% (x,9), %, 9,2) | t€ (0,1)} n[0,1] x C, x C, x R".
The closure will be a manifold with boundary
OWY = {1} x (Ugn C;) x (Son C,) x R U{0} x & xR".

We do this rather than considering the graph of ¢ in the full ambient space with an
eye to keep the bookkeeping simpler and avoid using fiber products later on.

We have a useful Corollary of Theorem 2.4.
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Corollary 2.9 Let (g,0),(0,7) € C. be two points in the stable, respectively the
unstable manifold of the origin. Let B“(q,¢') := {(q,y) | [y| < €'} be a small trans-
verse slice to So that passes through (q,0). Then there exists two sequences of points
(g>¥%)> (xn> yu) € Cg such that

(i) (qy,) € B*(q.¢€") and y, — 0;
(ii) (x4 yn) — (0,7); and
(i) (g, y5) < (Xn> yu)-

Finally, we will need the following consequence of the Flowout theorem [16] which
is proved with the same ideas as the differentiability of the Dulac map y from Theorem
2.4. Let M be a compact smooth Riemannian manifold and let ¢ denote the gradient
flow of a function f.

Proposition 2.10 Let N c M be a submanifold which does not contain any critical
points of f and is transverse to the gradient vector field V f. Let f~'(0) be a regular level
set of f such that N n f~1(0) = @ and suppose that for every n € N there exists a time
ty > 0suchthat v, (n) € f71(0). Then the function n — t, is smooth and moreover the
set {y;, (n) | n e N} is a smooth submanifold of f(0) diffeomorphic to N.

3 A general homotopy formula

Consider 7 : P — B a locally trivial fiber bundle with compact fiber M over a n-
dimensional, oriented manifold B. Let X : P — VP be a vertical vector field on P
where the vertical tangent space VP := Kerdn represents the collection of all the
tangent spaces to the fibers. Suppose X a horizontally constant Morse-Smale vector
field. Recall that this means that for every b € B there exists an open set b € By c B and
alocal trivialization « : P|g, —> M x By such that

(3.1) ax(Xp) = (gradfy,(5),0), Vp € Plp,s

where f: M — R is a Morse-Smale function for same Riemannian metric on M.
This in particular implies that the critical set of X is a fiber bundle over B (with various
components) and the same thing stays true about the stable and unstable manifolds.

In fact the critical manifolds of X in the local trivialization « are F = {p} x By with
p satisfying V,, f = 0 and the stable and unstable manifolds are

S(F)=S(p) x Bo,  U(F) = U(p) x Bo.

Lets: B —> P be a transversal section to all the stable bundles S(F) relative to the
critical manifold F c P.

We follow the ideas in [11]. Consider the fiber bundle P xg P — B and the
vertical vector field X = (X,0) on P xp P. It is not difficult to verify that the vector
field X is horizontally constant Morse-Bott-Smale and that its flow is ®;(v;,v;) =
(®4(v1),v2), where @, : P —> P denotes the flow of the vector field X. Thus, the stable
and unstable manifolds relative to a critical manifold F of X are

(3.2) S(F) :=S(F) xg P and U(F) := U(F) xp P.
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Now define the family of sections £ : [0,00) x B—> P xg P:
§1(b) = 0:(s(b),s(b)) = (De(s(b)),s(b))
transverse to all stable manifolds of X.

Remark 3.1 The transversality of s and S(F) translates into the transversality of &,
and S(F)

The question we will be concerned with in this section is whether the following
family of currents in P xg P has a limit:

i ?
i, (6. (5
For each t > 0, Stokes Theorem and the commutativity of d with push-forward
implies:
(33) ()« (B) = (S0)+(B) = d[&:([0, ] x B)].

From (3.3) and of the continuity of the (exterior) differential operator of currents,
we have reduced our analysis to the existence of the limit tlim £.([0,t] x B). The
—+00
following result presents a positive response to the existence of this limit without the
tameness condition of [5].

Theorem 3.2 Let m: P — B be a fiber bundle with compact fiber and let X be
a horizontally constant Morse-Smale vertical vector field. If s : B— P is a section
transversal to the stable manifolds S(F), then

T = &([0,+00) x B)

defines a (n + 1)-dimensional current of locally finite mass and if B is compact then T is
of finite mass. Moreover, the following equality of kernels holds:

(3.4) dT = Y U(F) xp s(s"'(S(F))) - &.(B).
F
We deduce from Theorem 3.2 that

(5) £ (B) = Jim (£)+(B) = S U(F) xr (5™ (S(F)))

Another consequence of the Theorem 3.2 is expressed in terms of operators:

Corollary 3.3 Let m: P — B be an fiber bundle with compact oriented fiber on a n-
dimensional smooth, oriented B. Let X : P — V P be a horizontally constant Morse-
Smale vertical vector field and let s: B — P be a section transversal to all stable
manifolds S(F) of X. Assume that for each critical manifold F c P the bundle U(F) —
F is oriented. Let s; = ®; o s : B— P be the induced family of sections. Then for each
closed form w on P of degree k < n, the following identity of flat currents in B is
true:

(3.6) lim sjw= Y Resi(w)[s'(S(F))],

f=too codimS(F)<k
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where Resp(w) = 15 ([( y w) and 1 : sT'(S(F)) — F is the composition of 7}, :
U(F)/F

S(F) - F with s : s (S(F)) — S(F). Moreover, there is a flat current To,(w) such
that

(3.7) S Res(@)[s T (S(F))] - s*w = d[Too(w)].

codimS(F)<k

Remark 3.4 One can extend Theorem 3.2 and Corollary 3.3 without extra effort
to the case when B is a manifold with corners and s: B — P is a smooth section
completely transverse to all S(F). This happens because any smooth map on a
manifold with corners can, by definition, be extended locally in a neighborhood of
the corner a smooth map defined on an open set in R". Since the same applies to the
trivialization maps, one can extend smoothly the whole fiber bundle structure and the
section to be defined on an open set in R”. The transversality condition being open, it
will hold in an open subset. Then one uses the corresponding results of Theorem 3.2
and Corollary 3.3 in this open set, only to restrict it afterwards.

In order to prove Theorem 3.2, we notice that due to the sheaf property of currents
it is enough to prove it for a convenient open covering of B. Namely, if there exists
an open covering B = UB; such that T; := T| exists, where P; := P| X g, P| ,itis of
locally finite mass and (3.4) holds then the same thing is true over B. This happens
first because on the overlap P; n P; the restriction of the limits &, ([0,¢] x B;/;) are
the same. This allows the patching of (T})ie1 to a single current. A similar argument
works for the right hand side of (3.4).

Remark 3.5 One has to worry always if an embedded oriented submanifold really
determines a current especially when it is not properly embedded, i.e., the inclusion is
not a proper map. This is the case of each U(F) xr s(s™}(S(F))) and is not clear apriori
that they exist globally. Butif (3.4) holds on an open covering P; then the patching of T;
to a single current implies the patching of U(F) xg s(s™*(S(F))) | p toasingle current
globally and (3.4) stays true everywhere. ’

Remark 3.6 Notice that if Fy,x represents a “maximal” critical manifold, in other
words, the critical manifold for which S(Fp.yx ) is an open subset of P the transversality
condition of s 4 S(Fmax ) is automatically satisfied for all points b € s7'S(Fppax ). In the
open set s71(S(Fmax)) C B relation (3.4) is trivial to prove and the limit

}LH; E(s7 (S(Fmax))) = Fiax XEpye $(5™ (S (Fmax))

holds even in the C* sense. The open sets s (S(Fmayx)) will always be part of the
open coverings of B and we will not mention them again.

We will therefore work with a convenient covering of B, each of its members being
contained into a trivializing neighborhood for X, by which we mean a neighborhood
U where (3.1) holds.

The strategy is now roughly the following. We show that around each point b, € B
there exists a trivializing neighborhood B, and a finite open covering M; of the fiber
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M := Py, such that Theorem 3.2 holds for the restrictions of all the currents to the open
sets:

M;j x M x By~ (Mj x By) xp, (M x By),

where we have already used a trivializing diffeomorphism P’ 5. = M x By.
0

In order to achieve this on each of the open sets M; x M x By we construct a
“resolution of the flow;” namely a proper map

‘P:N—>Mj><M><Bo

from a manifolds with corners N of dimension 7 + 1 such that

(a) Im¥ = &([0,00) x Bg) N (M x M x By).
(b) V is a diffeomorphism from an open subset of full measure in N to an open subset
of full H{"*'-measure in £([0, 00) x By) N (M; x M x By).

Point (b) makes sense in view of the fact that £([0,00) x Bo\Z) is a smooth
submanifold of P x g P of dimension 7 + 1 where Z := |_Js™"(F) are the fixed points of
F

the section with respect to the flow.

Remark 3.7 We assume of course that By is a small neighborhood of a point by ¢
Fmax and therefore Z will have zero H" measure.

We then use the following

Lemma 3.8 Let N"*! be a manifold with corners and let ¥ : N — X be a smooth
map to a smooth manifold X. If ¥ is a proper map, then V(M) has locally finite n + 1-
dimensional Hausdorff measure and

d(¥.(N)) = ¥, (aN).

This Lemma will allow not only to conclude that the restriction of T| Box MM S of
J
locally finite mass, but also to compute its boundary as the push-forward of dN. In

order to do that, we will need a full understanding of N and of the map V.

4 The local flow resolution

This section contains the heart of the proof of Theorem 3.2.

As we discussed in the previous section, it is enough to localize around each point
by in the base space B. We will therefore consider first an open neighborhood By of b
where the fiber bundle P| is trivial and the vector field X is horizontally constant and

given by the gradient of a "function f Py, » R. With the notation M := P, already
introduced, we have the following data

(a) aflow on M induced by the gradient of f and denoted y.
(b) a family of (local) sections s; : By - M x By

st(b) = (y:(s0 (b)), b)

originating from S|Bo = (s0,idg,) : By = P|B0 = M x By.
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We are interested in the closure of the forward flow-out of the graph of s. In other
words, let &, : By > M x M x By be the family of sections:

§(b) = (w1 (s0(b)), 50(b), b).

The function f : M x M x By = R, f(my, my,b) = f(m;) will be used occasionally.
We will aim to construct a “manifold with corners resolution” of a piece of

Utso &:(Bo) to be described momentarily.
Let

pr:= lim y,(s(bo)) € M

be a critical point. We will assume that p; is not a point of a local maximum for f, i.e.,
dim Uy, > 0. The case dim Up, = 0 can be treated quite easily as, locally, everything
flows when ¢ — oo to the critical manifold determined by {p; } as already noticed in
Remark 3.6.

For simplicity, we will also assume that f(p;) = 0.

We allow the situation p; = so(bg). At the other extreme, so(by) might be “far”
from p;. If that is the case, we notice that nothing interesting happens with the flow-
out of &,(Byg) before we get close to {p1} x M x By. So, we might assume without
restriction of the generality that so(bg) is in a neighborhood D of p; where the
Straighten Coordinates Theorem is valid. Then, we will also assume that By was
first chosen so that so(Byg) € C, for some fixed ¢, where C, c R® x R* satisfies the
hypothesis of Theorem 2.4. Hence, &, (By) Ce x M x By.

We will need to work with certain particular neighborhoods of {|x| - || = 0} x M x
By of type V; x M x By where V; is as in Theorem 2.4.

The next technical statement prepares the field for the next step of the induction,
namely when we will go from the first critical level (that of p;) to the second critical
level in the direction of the flow.

Proposition 4.1

(a) There exist y < € and 0 > 0 a regular value of f such that the trajectory determined
by any p € Vi 0 f7'(~oo, 8] that intersects f~'(0) does so before intersecting IC;
when t — oo.

(b) If p1 is not a point of minimum then we can take 0 and y such that the trajectory
determined by any p e Vyn f7'[~0,0] that intersects f~'(~0) does so before
intersecting dC; when t — —oo.

Moreover, after shrinking By the following holds:
(i) s0(Bo) c VN f!(=00,8") for some 6’ with 0 < 6’ < 6 and
(i) (Urso &(Bo)) N f71(8) c Vi x M x By,
Proof Inthe cube C, of Theorem 2.4, there exists 0 < y < & such that
inf f(u) >0,

ueT,

where T, = {(x,y) € 97 C;|x| < y,|y| = ¢} since f >0 on the compact 0-C, n U,
Fix such a y.

1
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Choose now 0 > 0 with

(4.1) 0< 0 < inf f(u).

ueT,

Notice that each trajectory that starts inside V) either ends up at the critical point
or leaves V;; through T),. Let p € V' n f~'(~c0, 0]. On one hand, f is increasing and
continuous along the trajectories and on the other hand, V; ny, 'is connected by the
flow-convex property of V). It follows that y, meets f ~1(0) before reaching T, by
(4.1).

Part (b) is analogous.

Since so(bo) € Sp, we have that f(s(bg)) < 0 and therefore one can choose B, with
so(Bo) € Vy n f7(—00,8").

Part (ii) is an immediate consequence of (i) and the first part of the proof. [ ]

From now on the neighborhood By of by will satisfy the properties of Proposition
4.1 for a certain 6 and y.

We define now the first piece of the transverse intersection, we will use later.

Let C, := C; x C; x Bgand C, := C¢ x C, x By and consider W; ¢ [0,1] x C, be the
analogue of W from Theorem 2.6 for this context:

W = {(t,wrtt(x,y),x,y,b); 0<t<1}meés x C¢ x By.
In other words, modulo a permutation of the last two coordinates we have:
Wi = W x By c ([0,1] x C; x C;) x By,

where W is as in Theorem 2.6. o
It follows then from Theorem 2.6 that W}, the closure inside [0,1] x C, x C, x By
is a smooth (m + 1+ n)-dimensional manifold with boundary:

OWr = {1} x (Up, N C;) x (Sp, N Ce) x Bo|J{0} x A x By.

ENTA do Wi
For future reference, let
(4.2) Wp, :=[0,1] x {p1} x {p1} x By ¢ W.

be the set of fixed points in W.
We look now at the second piece of transverse intersection mentioned before. Let

Vg = Vys N f((~0,0]) c C,,

where ¢, y and 6 are as in Proposition 4.1.
Consider the following set:

Zl =R x Vg XS(B()) CRXCD‘S X (COSXBO)-
Lemma 4.2  The set Z is a manifold of dimension m + n + 1 with boundary

9Zy =R x (Vi n f7'(6)) x s(By).

Lihe trajectory y, is determined by p.
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Figure 3: The neighborhoods Vj

Proof For any regular value 6 the intersection U N f!(—o0, 8] is a manifold with
boundary for any open U c M such that f'(0) n U # @. |

Lemma 4.3  The manifolds with boundary Z, and Wy are completely transverse inside
R x C¢ x C; x By, meaning that the different strata are all transverse. This implies that
Zy N Wy is a manifold with corners of dimension dim B + L.

Proof Notice that W; = W;.

We start with the intersection W; N Zg. The transversality is immediate from the
fact that W} is a graph over the first plus the last two variables, i.e., R x C, x By while
the first component of Zg is an open subset of Cs.

A similar reasoning applies for g € dg Wi N Zy. In fact, due to the transversality of
the flow to a regular level, set f~'() this also proves the transversality of W; with 9Zj.

Notice that dg Wy N 0Zy = @ since a point q € & (B,) cannot satisfy f(q) = 6 due
to property (i) of Proposition 4.1.

The transversality of d; W, with 7, follows from the transversality of s(Bg) and

SPl X Bo.
Finally, the transversality of 9; W; with 9Z; follows from the transversality of Up,
and f71(0) together with the transversality of s(Bo) and Sp, x Bo. |

Lemma 4.4 Let Ny and N, be submanifolds with corners of type k and | respectively,
inside a manifold (with no corners) N. If they are completely transverse then Ny N N is
a manifold with corners of type at most k + I.

Proof We use a standard trick. Clearly, N; x N is a manifold with corners of type
k + 1. Then the complete transversality of N; and N, is equivalent with the complete
transversality of N; x N, and the diagonal submanifold A in N x N. The conclusion
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then is that (N7 x N) N A is a manifold with corners (for this see Proposition A.3
in [7]). ]

Following Lemma 4.2 denote
(4.3) A= Z 0 W
The codimension 1 boundary has the following decomposition in components:
91 = {1} x (Up, 1 (=00, 0]) x 55 (Sp, % Bo)) LU {0} x o(Bo) U
olA; 9 A4
(4.4) UWin ([0,1] x £f71(8) x s(By)),

a;fh

where
8%./[1 =Wy nZy, %Al = oWy N Zy, 8;./[1 = W, naZ.
The codimension 2 stratum is given by
(4.5) 0> Ay = 01A; N 93 A; = {1} x (Up, n £71(6)) x s(s™(Sp, x Bo)).
We define the resolution map now. Let
R:A; - Vg x M x B

be the restriction to A; c [0,1] x C, x C; x By of the projection onto the (last) three
spacial coordinates. Notice that in fact the image of R is contained in Vj x Vj x B.

Proposition 4.5 The map R is proper.

Proof Recall that for locally compact metric spaces X,Y, a map F: X - Y is
proper if and only if for any sequence (x,)ney € X such that lim x, = co one has

n—oo

lim F(x,) = oo. By definition,

n—oo

lim x, = o

n—oo
if for every K c X compact there exists ny € N such that x,, € X\K forall n > n,. Notice
that such a sequence does not have any convergent subsequence in X and the converse
is also true. It follows easily then thata map F : X — Y is not proper if and only if there
exists (X, ) yen € X, X, — oo such that F(x,) > y e Y.

Assume therefore that (u,),ey € A; satisfies u,, - oo while R(u, ) — it. Now u,

has 4 components:

(4.6) Up = (tn, al, an,by) €[0,1] x Vg x Vy x By.

By passing to a subsequence of u,, we can assume t, converges. There are two
possibilities.

Either ¢, - ¢ <1or t, - 1. We analyze them separately.

First, the triple R(u,) = (a),, a,,b,) converges in Vg x Vg x By. From u,, € Z; we
get (ay,by) = (so(Bn),Bn) for some f3, € By. Hence, f3,, converges to 3 € By and

so(Bn) = so(B)-
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If t, — t’ <1then for n big enough we have that u,, € W;\{t = 1} and therefore
ay = Vi (an).

Hence a, = so(Bn) — so(B) and a;, > y v« (so(B)) and by hypothesis this is in Vj.
We conclude that i

tn = (1, (50(B):50(B). B)

and this limit belongs to Z; n W; = A,. Contradiction with u, — co.

If t, >1, we have that u, = (t,,a),s0(Bn),Bn) and the convergence of
(al,,s0(Brn),PBn) to a point in Vg x Vg x By implies again that 8, - f8 € By. Since
s0(Bo) c Vg, we have that so(B,) — so(f3) € Vg. We get therefore that the sequence u,
converges in [0,1] x Vg x Vy x By since all its coordinates converge. In order to reach
a contradiction, we need only check that it converges to some element u of Z; N W;.
We have that

u, >ue€RxC,xC,xByg.

On the other hand, since u, € W; and the closure of W is taken within R x C°€ X
C, x Bg we get that u € W,. One sees easily that u € Z; since (a),, so(Bn), Bn) = R(un)
converges to a point (a’,s¢(B), 8) € Vg x Vg x By. |

Let Vy := Vg x M x By be the codomain of R. We show two things:

(i) the currential formula (3.4) holds on ‘gfg, the interior of Vg~and
(i) there exists a map from a manifold with corners N to 0Vg = V' n £71(0) that
allows us to continue the process.

First we list some set-theoretic and differential properties of R.
Proposition 4.6  The map R : A, —> Vj satisfies:
D) R(A) =U&(Bo)N Vo =: A where the closure is taken within M x M x By;

£20
(@) R(3WA1) = (Up, 0 £~ (=00, 6) x s(s”(Sp, x Bo))s

(3) R(9pA1) = &o(Bo);

(4) R(3LA)) = Agn f71(0); o

(5) the restriction of R is a bijection from A;\Wp, (see (4.2)) onto its image; and
(6) the restriction of R to 05.A, is a bijection onto the image.

Proof At(1),letq € W; n Z;. On one hand
q= nh—>n;olo (tn) wliﬁ}:n (xn’yn) >Xns Yns bn) >

where b, € B, (x,,y,) € Ce, t, € [0,1]. From g € Z; it follows that (x,, ¥, b,) —
(so(B), B)- Suppose t, — t' < 1. Then

Yo (onyn) = ¥ (0(B)).
o (50(B)):50(B): B) € € i (Bo).:

Hence, in this case, R(q) = (1//
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When t, » 1, g€ Wy implies that (x, yu, bs) = (50(B), ) € Sp, x By, i, fe
s7'(Sp, x Bo) and Yt (Xn> yn) > q1 € Up, 0 Vo

We argue that due to the transversality of s with Sy, x Bg all points in Up, N
(Vo x s(s7(Sp, x By))) are limits of type &, (s0(Bn),S0(Bn)>Bn)> tu > 0. Fix first
42 = (x2,0,b,) € s(s7'(Sp, x By)). Since s 4 By we can provide a submanifold Bj c B
of dimension equal to dim Uy, such that sg 5, h Sp, and g, € s(By). Take then a

transverse small disk D in g, + T,,s(B;) centered at g,. The trajectories originating in
this disk will cut s(Bj ) exactly once due to the transversality of s(Bj ) to the flow. This
stays true evenif g, = (0,0, by) is critical. By Corollary 2.9 which can be applied also to
“slanted” disks, given any point (0, y,) € Uy, there exists a sequence of points u, € D
with u, — g, and a corresponding sequence of points on trajectories determined by
u, that converges to (0, y;).

This finishes the inclusion R(A;) € U;s0 &:(Bo).-

Conversely, let (a, b, c) € U;s0(&:(Bo)) N V. Then there exist t, > 0 and b, € By
such that

Iim (ye, (51 (b)) (ba), bu) = (a, b,c)

with ¢ € By. By passing to a subsequence one can assume that ¢, — to or t, — oo. Since
aeVyc f/y‘ and the latter is open in M we can consider y;, (s;(b,)) € \7; for n big
enough. However, ¥, (51(b,)) might not be in Vj for infinitely many n, since it could
happen that f(y;, (s1(b,))) > 6 for a subsequence.

Letr, := li"t

Uy = (rn>1//tn(51(bn))’51(hn)’bn) e W

Since 7y, by and yy, (s1(bx)) all converge we have that in fact u, converges to a point
u € [0,1] x Vg x C, that necessarily lies in W;. The limit u = (r, a, b, ¢) will also be a
point in Z; since (b, ¢) € s(By) and a € Vy. Hence, (a,b, ¢) € R(A;).

Statements (2) and (3) are trivial from the description of 014, and 9}.A,.

For (4) the inclusion c is straightforward. For the inclusion > notice that if
(a,b,c) € A, then either f(a) < 8 in which case a € Vg and so (a, b, ¢) € Z; n W; or
f(a) = 6 in which case (a, b, ¢) € 9Z; n W; =: 05A.

For (5) one notices that for t # 1 the (restriction of the) map R is injective away
from the points corresponding to s ({p; } x By). Moreover, R is injective when ¢ = 1.
For p #+ qwith t, # 1and t; =1, R(p) # R(q) unless p,q € Wp,.

For (6) one notices that Wpl NoyA; = @. [ ]

Corollary 4.7  The equality of currents (3.4) holds on the open set Vg x M x By.
Proof Theintersection A, := A; N (\79 x M x By) is a manifold with boundary since

05A; gets eliminated in the intersection. Since R is proper we can push-forward any
current. Use:

d(Re (A1) = Ru(dA1) = Ra(91A1) - R (3pA1).
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Now iR| i away from a set of zero measure” is a bijection onto
1

£([0,00) x By) N Vg x M x By.
It follows from the area formula that

Re(Ar) = T|

VoxMxBy’
where T is the current appearing in (3.4). ]

This is the first step. In order to proceed further we will use the restriction R :
95 A — f71(6) x M x By = f(6). We fix now another critical point p, with f(p,) >
f(p1). In order to implement the program, we need the following.

Lemma 4.8 The restriction of R denoted o : 934, — F71(0) is completely transverse
to Sy, x M x By within f~'(0) for all critical points p,.

First, we need to clarify a point. The complete transversality for the map o is meant
here both within the ambient space f(6) (with S,, x M x By n f~!(6)) and within
the ambient space M x M x By. The two statements are clearly equivalent due to the
transversality of S,, to () for every regular 6.

Proof Since 03A, is a manifold with boundary 0%A,, as defined in (4.5), we need to
show transversality at points

(1) g€ a(9*A1) N (Sp, x M x By) and

(2) qe U(aiﬂl\azﬂl) n (sz x M x Bo)

For both situations, take the unique (by (6) of Proposition 4.6) q’ € 95.A; such that
0(q") = q. The two situations are distinguished by ¢, = 1 (for (1)) or ¢4 # 1.

From the explicit expression of 9%A; in (4.5), we see that transversality for (1) is
implied by the Smale property of the flow.

For (2) since t # 1, we can give another description to Wi\{t =1} n (f71(6) x M x
By) as the graph of the time map defined over &,(Bo\s " (Sp, x Bo)) that associates to
a point p the time ¢, it needs to reach f “1(6). We deduce that the intersection of this
time map graph with the flow-invariant S,,, x M x By can be described as the flow-out
of the intersection &,(Bo\s™(Sp, x Bg)) N (Sp, x M x By) to the level set £71(6). By
the transversality of s with S,,,, we get that this intersection is transverse. Moreover,
since the flow preserves transversality, we get by Proposition 2.10 the transversality
condition we are after within f~1(8). |

We recall what we did so far. We started with the proper submanifold &,(By) of
Vg x M x By and we constructed a resolution of its flow-out in the open set Vo x M x
By. The resolution took the form of a map R defined on a manifolds with corners A,
to Vg x M x By. Of course, this only solves the problem of the flow-out of &,(By) for
the first critical point encountered. How do we go on from here?

The map o : 034, — f'(8) will play now the role of & : By = M x M x By and
we would like to apply the same ideas to o.

So we would like to see what properties of o can be preserved when going through
the next critical level. Clearly by composing with the flow-diffeomorphisms we can

2With respect to any measure induced by the volume form of a Riemannian metric on A;.
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assume that the image of ¢ is contained in a regular level of f close to the next critical

level.

There is no harm in assuming that the next critical level lies within f~(0) by chang-
ing f to f + ¢ for some constant c. Moreover we will be using certain neighborhoods
of the critical sets. First, since the Shilnikov—-Minervini results are local around the
critical points we will use different neighborhoods around the critical sets of f~'(0).

« We will denote C, := Upecrit(f)nf-1(0) Ce(p) x M x By, where ¢ is chosen so that
the results of Section 2 hold for each cube C,(p) with p in the finite set Crit(f) N
£7(0).

« For each p ¢ Crit(f) n f7(0) we will choose a 6, and y, small enough so that
Proposition 4.1 item (ii) is satisfied (observe that the points p € Crit(f) n f(0)
are not points of local minimum in our context). Then let

6, = min 0, y = miny,

Vgp = V;(p) ﬁf_ll:—gl, 81], Vgl = UPVQP
and finally

Vi, := Vg, x M x By.
Here is the model result we are after.

Proposition 4.9  Let N be an oriented manifold with corners of dimension n and type
k >1° and let —0 be a regular level for f such that 0 is a critical level and 6 is small
enough. Let 8’ < 6, and

0:N - f1(=0)nVy, o= (01,07, 03)
be a smooth map such that
(a) o is proper.
(b) o is completely transverse to all stable manifolds S, x M x By for p € Crit(f);
equivalently oy 4 Sp, for all p € Crit(f).
(o) 0| NN is injective where 0> N is the collection of strata of codimension at least 2.

(4] =«a((02, 03 or some function « where 1s tne top stratum of N.
(d) o] o j here N° is the top N.

Then there exists a smooth map, called flow resolution R, : A, —> Vj, defined over an
oriented manifold with corners A, of dimension n + 1 and type k + 2 such that
(i) R, is proper.

(ii) Ro(As) = (Usso &:(0(N))) n Vo, where the closure is taken in M x M x By.

(iii) R¢ is a bijection from an open subset of A, of full measure to an open subset of full
measure of (Urzo §:(0(N))) 0 Vp,.

(iv) Ay has a distinguished boundary N' := afglﬂo of dimension n and type k + 1 such
that o' := Ry|x : N' —> f71(6,) n Vg, is completely transverse to all the stable
manifolds S, x M x By, is injective on N'\0>*N’ and the components of o’ satisfy
property of item (d) when restricted to (N')°.

The type of a manifold with corners gives the codimension of the smallest strata in the boundary.
Some authors prefer to call this “depth.”
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Remark 4.10 'The word distinguished is related to the fact that 8}91.%[0 is not the full
boundary of A, but one that has a collar neighborhood.

Remark 4.11 Tt is important to specify the codomain of ¢ in order to state the
properness property. In the induction process, we are using, the original map fR’ A
> Ae

is proper when the codomain is Vg x M x By N £71(0). The later is an open set inside
£71(6). Clearly, the inclusion of an open set into the ambient space is not proper.

Remark 4.12  'The injectivity property stated in item (c) appears because we want
the current (R,).(As) to be determined by the image of R,. Otherwise, one could
have multiplicities or worse things happening. One cannot expect injectivity to hold
everywhere.

Remark 4.13 The seemingly strange property (d) is to insure the “replication” of the
injectivity property away from the codimension 2 stratum. Property (d) is fulfilled for
the initial o, i.e., the restriction of R to d5.A. In that case, N is the graph of the time
map p — t, for p € & (Bo\&;' (Sp, X M x By)) as described in the proof of Lemma 4.8
while o projects (,, p) to p. Since the first component of &, is dependent on the other
two, we get the claim.

In order to prove Proposition 4.9, we also need to deal with the fact that o(N) is
not necessarily a subspace of Vy, x M x By. Hence rather than “flowing” o (N) we will
consider the graph T,. It is convenient to consider first a proper embedding N = R/
and look at the closure of the set

W, = {(t,wrtt(ml),ml,mz,b,n) |0<t<1}ﬁ]R><(°?5><C°£><M><BO><Rj
inside R x C, x C, x M x By x RJ.

By Remark 2.8, this closure is a manifold of dimension 2m + n + j + 1 with bound-
ary

81W2 = U {I}X(Upmée(p))X(SpméE(P))XMXBOXRjU
pef1(0)NCrit(f)

aBWZ;: {O}XACostxBO x R/
Let
ZO:ZRXVGIXFGCRX VQIXVGIXMXBOXN-

Since Vp, is a manifold with boundary we get that Z,, is a manifold with corners of
dimension m + n + 1 and type k + 1. The codimension 1 boundary components of Z,

are

(4.7) 05 Zy =R x (Vg n f1(~=6,)) x T,

(4.8) NZo=Rx (Vo nf7(6:)) x Iy

(4.9) 9j1Zs =R x Vg, x r0| , 1<j< fns

AN
J
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where fy is the number of codimension 1 boundary components of N, i.e., the number
of connected components of ' N\9?N, assumed finite.

Lemma4.14 The mamfoldst and Z, are completely transverse inside R x C, x C; x
M x By x RJ. This implies that Z, N W, is a manifold with corners of dimension n + 1
and type at most k + 2.

Moreover, the codimension 1 boundary of Z, 0 W has the following components
which are themselves manifolds with corners

(4.10) ainﬂ Zy = U {1} X (UP mf_l([o’ 01])) x 1—“7\0*1(s xMxBg)
. p 0
peCrit(f)nf-1(0)
(4.11) W, NZ, =1{0}xT;s
(4.12) W, N 01 Z,
(4.13) W, 19}, Zeforl < j < fy,

where 6 = (01, 01, 02, 03) given that o = (01, 02, 03). Finally,
(4.14) WynoyZ, =@.

Proof Analogous to the proof of Lemma 4.3.

The reason for (4.14) is that the f-value of the second component of W is at least
as big as the f-value of the third component while this is not the case for an element
of 9y Z, dueto f ooy = —0'> -0,. [

Remark 4.15 The reason for which we chose Imo c f~(~6’) is because we did
not want Im ¢ ¢ dVp,. That would render Lemma 4.14 false. An alternative approach,
if Imo c f71(-6,), would be to replace Vp, in the definition of Z, with Voell =
fH([~0",61]) N V; where 6’ < 6,. Then one has to be content with the construction
of the resolution for the flow-out of 0(N) in between levels —6' and 0.

Let A, := W, N Z,. This is an oriented manifolds with corners because W, and
Zs are both oriented. The convention here is that the components which correspond
to graphs of smooth functions over a certain oriented base manifold B’ inherit the
orientation of the manifold B’. Hence, the direction of the flow gives the first vector of
a positively oriented basis. Other than this, we respect the order of factors in a product.

Consider now

Ry 1 Ag = Vo, x M x By

to be the restriction of the projection onto the second, fourth, and fifth components
of the product R x C, x C, x M x By x R/.

Proposition 4.16 The map R, is proper.

Proof Suppose, just like in Proposition 4.5 that there exists a sequence u, € A, such
that u,, - oo and R, (u,) converges. Now, u,, has six components

!
un = (tn) an) an: mna bn’ Zt’l)
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with ¢, € [0,1]. By passing to a subsequence we can assume that ¢, — ¢’ € [0,1]. We
will show that in both cases t' =1 and ¢’ # 1 one reaches a contradiction by showing
that there exists a subsequence of u,, which converges in A,.

For the case ¢’ =1, we will use the fact that {t =1} n W n ([0,1] x Vp, x Vp,) is
compact and thus has a compact neighborhood. In fact, one notices that W is com-
pletely transverse to Vg, x Vp, x R and their intersection is a manifold with corners,
with one of the codimension 1 boundaries being contained in {t =1}

U {1}X(UPOV91)X(SPOVGI),
peCrit(f)nf-1(0)

This is compact. We conclude that from (a;,,a,) we can extract a subsequence
denoted again (a),, a,) that converges to a point in Vy, x Vp,. On the other hand, we
have by hypothesis that (a/,, m,, b,) converges. Hence by passing to a subsequence
we conclude that (a,, m,, b, ) converges to some point (a, m, b). But (a,, m,,b,) =
(01(z4), 02(21), 03(2,)) and o is proper. It follows that we can extract yet another
subsequence this time from z, that converges to z € N (just take 0 (K) where K is
a compact neighborhood of (a, m, b)). But then by the continuity of ¢ we get that
(an, My, by, z,) converges to (a,m, b, z) € I,. Since a), converges to a point in Vg,
we conclude that 4, converges to a point in A,, contradiction with u,, — co.

tn t
ot
-, 1> W

conclude that a, also converges. We claim that a, converges to a € Vjp,. First aj, -
a’ € Vy, by hypothesis. Now Vj, is a flow-convex neighborhood and a’ = y_» (a).

1-t/

It follows that a € Vj,. Now the contradiction is obtained as before (a,, m,, b,) =
(01(zn), 02(2zn), 03(2,)), and so on. [

For t' # 1, we use that a), = v «,_(a,) and since a/, converges and
it

We now complete the proof of Proposition 4.9.

Proof We need only be concerned with items (ii)-(iv). The distinguished boundary
is defined as:

N’ = 8},1./[,, = Won01Zs = Won ([0,1] x f7(6,) x T,).

Clearly Ry (9y, Aq) € f7(61).

In order to prove (ii), it is useful to consider the projection R, from A, onto the
second, fourth, fifth, and sixth components. Then the image of this map will give the
closure of the flow-out of T;; inside Vg, x M x By x R/ and the proof of this fact follows
the same lines as the proof of item (1) in Proposition 4.6. Then projecting the closure
of the flow-out of T, onto Vy, x M x By equals (U;s0 &:(0(N))) N Vp, and this takes
care of (ii).

The map R, mentioned in the previous paragraph is injective on A,\{t = 1} since
on this set all points are of type

(v (01(2)), 01(2), 02(2), 03(2), 2)» zeN,te[0,1),

which get projected to (y_« (01(2)),02(2), 03(2), z). Clearly all the points in the
forward-flowout of T, that are inside Vi, x M x By x R/ are also in the image of this
projection. In order to obtain a set where R, is injective one needs to take out more
points.
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Since o| 52y 18 completely transverse when restricted to all distinguished boundary
pieces 97N of 9*N, it follows that, we can define a natural subspace A ‘ of A, by
Tlazn

taking the union of the corresponding sets W, N Z | . Since this A will be a
o

o|
2N

2N
union of manifolds with corners of lower dimension it will have measure zero inside
Ag. Then R, will be injective on A\ ({t =1}uA | and this takes care of (iii).

o

2N
In order to prove transversality, we can use Lemma 4.17 in order to reduce to the

proof of transversality of j%0| o 4 With Sp x M x By x R/. This then follows the same
0,7

scheme as Lemma 4.8.
For injectivity, we note that 9y W N 0] Z, = @ and we separate N’ = 9 A, into two
parts:

N = (Wz\{t = 1}) N BiZU and N, = ainﬂ a}ZU.

We observe that R, takes Nj and N; to two disjoint sets in Vj distinguished by the
fact that the first component belongs to Upecrit(f)ns-1(0) Up (in the case of points in
Rs(N;)) or does not belong to the same set (for R,;(N;)). We have that N, is a
distinguished boundary of N’ while N; contains the top stratum of N’. Hence it is
enough to prove the injectivity of R, separately on N1\82N1 and on Nz\alNz.

The points in N;\9*Nj are of type (to, V4 (01(2)), 01(2), 02(2), 03(2), z) withz €

N\N and they get mapped to (a, 1, b) = (wiio(al(z)),az(z),ag(z)) e f1(0)

M x By. Then t, is the unique time it takes to flow backwards from point a € f~!(6;)
to level f71(=0"), 01(z) is the point of intersection with level f~'(-6") of the
trajectory determined by a, and z € N\9*N is uniquely determined by o(z) due to
the hypothesis.
The description N, = U {1} x (Upn f71(6))) xT
pef1(0)NCrit(f) 7
ful. For the top stratum (N;)° of N, one restricts T, to 07'(S, x M x Bg) N N°.
If p = (u,01(2), 02(2), 03(2), z) € (N;)° then u does not determine 0;(z) anymore,
but property (d) says that ¢(z) is determined by (02(2),03(2)). Since o is also
injective on N” we get that p determines z. Hence, the map on (N;)° that takes p
to (1, 02(2), 03(z)) is injective and this finishes the proof of this issue.
Finally, property (d) itself holds for o’ : N’ — Vp, n (f71(6;) x M x By). This fol-
lows from the description of (N’)° = (N;)? above and the fact that o is injective on
N? and also satisfies property (d). [ ]

is use-

o1 (SpxMxBg)

Lemma4.17 Letd : N> MxR/bea smooth map. Then the (complete) transversality
of 6 with S x R/, for some submanifold S c M implies the (complete) transversality of
fto o with S where 7t : M x R/ — M is the projection.

Proof Straightforward. [ ]

We now derive an important consequence of Proposition 4.9 in terms of currents.
Let T, = Ry (A, ) be the flow-out of 0(N) between levels —6” and 6. It is a rectifiable
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current, once it is endowed, over the points where R, is a bijection, with the orienta-

tion induced by the direction of the flow and the orientation of N 0,

Let T | i= R (W2 1 0}, Z,) be the flow-out ofa(a}N) for the jth codimension
latn

1 boundary of N also between levels —0” and 0;. This is a rectifiable current of

dimension #.

Corollary 4.18  Let 0 be a smooth map as in Proposition 4.9. The following currential
equation holds in the open set Vo, n f (-6, 6;).

fn
(415)  dT, = > (Up 0 £7'10,61)) x (02,03) (07 (Sp)) + D Tg|
peCrit(f)nf(0) 1

alN
J

Proof One uses Lemma 4.14, Proposition 4.9 and Stokes on the manifold with
corners A, pushed-forward via the proper map R,. The injectivity property identifies
(Re)+(Agy) with Ty and (R, ). (W, N 3%, ,Z,) with T0| for all j. [

j+1
LN
j

Remark 4.19 It is important to understand why equation (4.15) was not stated as
an identity directly in the open set f~'(=6’,6;). The conditions in the statement of
Proposition 4.9 do not exclude the possibility that the image of ¢ oscillates wildly close
to the topological boundary of Vg, n f~'(-6") inside f~'(~6’) so that ¢, (N) might
not be extendable as a current outside this neighborhood. This is of course not the case
for the situation where we will apply Proposition 4.9. In the first step of the induction,
0 is the restriction of R to 95.A¢ and the image of this map “away” from Uy, x S, x By
is simply the flow-out to level 8 of &, (Bo\By ) where Bj, ¢ By is a smaller neighborhood
around the point of interest by. Hence, close to the topological boundary of Vj, or
“away” from U, x S, x By the image of the map is really an embedded submanifold,
extendable beyond the topological boundary. For the other steps of the induction we
make the following observation.

Remark 4.20 Proposition 4.9 is what allows us to cross critical levels at least if the
image of the map lands close to the stable manifold(s) of the critical point(s) at level
0. But when flowing between two consecutive critical levels, nothing guarantees that
the flow-out of the image of the resolution at the first critical level will end-up within
a neighborhood of type Vp, s0 as to satisfy the hypothesis of Proposition 4.9.

One solution is to do the following. Suppose that in fact ¢ : N - f~!(-6,) and for
each p € Crit(f) n f7'(0), there are neighborhoods D, of (f™(6;) n'Sp) x M x By

such that 0‘0_1 (Dy) is proper. Then one gets a restriction map ¢ of ¢ to an open set of
P

N, which is proper and whose image is contained in Vj, as in Propostion 4.9.

What about the rest of N? Take D_g to be the complement of
Upecrit(f)ns-1(0) (f 1(61) N Sp) x M x By in f7'(6;) and let Dy := 67'(D_g,. Look
at oy := 0|DN. Use the flow diffeomorphism to get from 0y a map 6, : Dy — f‘l(Gl).

We claim that there exists an open subset of Dy and an open subset of aglﬂg which
are diffeomorphic via a diffeomorphism « such that

iRgO(X:O."l.

https://doi.org/10.4153/50008414X21000353 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X21000353

Nontame Morse-Smale flows and odd Chern-Weil theory 1609

Take 07}(U) where U := D_g, N Vj,. This is obviously an open set diffeomorphic with

), one
a1(U)

obtains an open subset of 8191./‘16 which is obviously diffeomorphic with 07! (U).

We can then use the diffeomorphism « in order to “glue” R, and 0y to a smooth
map going from a manifold with corners N to f~'(6;) and flow to the next critical
level and apply again Proposition 4.9 and this Remark and so on.

aopen subset of Dy. On the other hand, by taking W, N (]R x f71(6;) x r

Proof of Theorem 3.2 We have already sketched the proof strategy at the end of Sec-
tion 3. We need to explain what are the open sets M; x M x By that cover M x M x By
where the currential identity is true. We will discuss only the situations where By is a
small neighborhood around a point b, such that the forward trajectory determined by
s(by) ends at a nonmaximal point. The remaining situation was already discussed in
Remark 3.6.

Let ¢g < -+- < ¢; be the consecutive critical levels of f excluding the maximum with
co the first encountered critical level by the forward trajectory of s(bg). It might
even be a minimal level of f, i.e., a level that contains a local minimum if s(by) is
a local minimum. Let ¢y < 81 < 83 < ¢1 < 03 < 04 <+ < €1 < 0271 < Oy < €] < a1
be regular level sets such that §; = co + 0y and for k > 1, 85 = cx — Ok and Opp1 =
ck + Ok where 0y is chosen small enough so that we can chose neighborhood Vjp,
around the critical points of level ¢, satistying the conditions of Proposition 4.1.

Corollary 4.7 takes care of the first step of induction and implies the formula for

f(~00,8,) x M x By.
By property (4) of Proposition 4.6 and Lemma 4.14 there exists a map for some & > 0:
0:03A > (8 — &) x M x By,

whose image contains the closure of the forward-flow of &,(By) intersected with
level &, — &, and is transverse to all S, x M x By for all critical p. Moreover, 05A isa
manifold with boundary 0*A; = U, n (81 — &) x s(s7'(Sp,) x Bo) and o satisfies
the conditions of Proposition 4.9.

Let T} to be the current determined by the flow-out of the image of ¢ in the open
set f1(8) — &1, 0, + &2) x M x B for some small &, where there are no critical points.
Let T3 be the flow-out of the image of cr|az A Both are rectifiable currents with the

obvious orientation. The following identity of currents holds on f~!(8;, — &1, 8, + &2) x
M x Bo:

ATy =T, = (Up, 0 f (81— 1,8, + £2)) x s(s'(Sp,) x Bo)
proving thus the theorem on f™(8; — &1, 8, + &;) x M x B,.
From this point on we repeatedly apply Proposition 4.9 and Corollary 4.18. We

notice that (03,03)(07'(S,)) can be substituted with (02, 03)(07'(S,) N N°) and
these points are easy to describe as s(s™ (S, x Bo)) where p is any of the critical points
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at ith step. It is not anymore difficult to see that T | isa sum:

d
N
J

S (Upnf(ci = 0irci +6:)) x s(s7(Sp x By)),
P

where the sum here runs over the critical points that have already been crossed. =

Remark 4.21 There is a subtlety in the proof of Theorem 3.2, that is easy to miss.
In order to prove an equality of currents, these have to exist to begin with. In
particular, T and U(F) xg s(s*(S(F))) should be shown to have locally finite 7 + 1
and respectively n-Hausdorff measures. But this is a straightforward corollary of the
existence of the flow resolutions we have constructed. As an immediate consequence
we get via Fubini that U(F) and s(s™'(S(F))) have finite Hausdorff measures if B is
compact.

5 Odd Chern-Weil theory

We now start a new topic altogether. Let E — B be a hermitian vector bundle over a
compact manifold B. Denote by % (E) the fiber bundle of unitary isomorphisms and
let U € T'(% (E)) be a section of this bundle. Let V be a connection compatible with
the metric.
Given any invariant polynomial P, we introduce odd degree forms TP(E, U, V) €
Q*(B), called odd Chern-Weil forms, which satisfy the following properties
(a) dTP(E,U,V) =0
(b) TP(E,U,V) - TP(E, U, V') is exact for any two metric compatible connections
v,V
(c) if Uy, Uy € T(% (E)) are homotopic then TP(E, Uy, V) — TP(E, Uy, V) is exact;
and
(d) if ¢ : By — B is a smooth map then ¢* TP(E, U, V) = TP(¢*E, ¢* U, ¢* V).
Recall the fundamental Theorem of Chern-Weil theory. If P is an invariant poly-
nomial and V; and V, are compatible connections then one can associate to V¢ and
V1 two forms P(E, V;) and P(E, Vo) and there exists a nonunique form TP(Vy, V)
such that

P(E,¥,) - P(E, Vo) = d TP(Vo, V).

The construction of a particular such form TP(V;, Vo) goes as follows. Let 75 E —
[0,1] x B be the pull-back of E with respect to the projection [0,1] x B — B. Consider
the following connection on 75 E

v—i+(1—t)v +1V
T dt oYL
Then the standard homotopy formula implies that
a( [, PED) = P(ET) - P(ET),

where integration on the left is over the fibers of 7,. Define TP(V,,V;) to be
.[[0,1] P(myE, V).
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It is not hard to see that
TP(Vo, V1) = = TP(V1, Vo).

This is because the diffeomorphism on [0,1] x M — [0,1] x M, (¢t,m) - (1-t,m)
reverses the orientation of the fiber and fiber integration is sensitive to this.

Remark 5.1 1If one takes different paths between the connection V¢ and Vy, by a
result of Simons and Sullivan [23] the transgression forms obtained for two different
paths differ by an exact form.

In our context, consider the connections Vg := V and V; = U"'V U on E and write
down the transgression formula from Chern-Weil theory:

P(F(U'VU)) - P(F(V)) =dTP(V,U'VU).

Notice that F(U™'VU) = U™'F(V)U. It follows from the fact that P is invariant
that P(F(V)) = P(F(U'VU)), hence the form TP(V, U'VU) satisfies property (a)
above.

The next lemma helps prove property (b) for TP(V, U™V U).

Lemma 5.2 IfV;, i =1,4 and are four metric compatible connections then

Z TP(Vi,Vis1)
7

is exact where V5 := V.

Proof If H:C x B — M is a smooth map, C is an oriented, compact manifold with
corners of dimension ¢ and w is a smooth form on M of degree k > ¢ — 1 then:

(5.1) fH*dw-r(—l)c’lde*w:f H*w.
c c ac
To see (5.1), apply first Stokes on C x B to
d(H wAmin) =dH 0 Amin+(-1)"Hw A n5dy,

where 1 € Q"%+¢71(B) is a smooth test form and 7, : C x B — B is the projection and
then integrate over the fiber. On the closed, oriented B one has:

(5.2) 0:d(/CH*w)/\q+(—1)"“(ch*w)Adq.

Hence, using the orientation of the fiber first convention we get from (5.2)

(—l)kaH*w/\n;dq:(—l)k([CH*w)/\d;y:(—l)c_ld(fCH*w)/\q.

Take C = A? be the standard simplex in R? with coordinates (s, t) and on 73 E — C x
B consider the connection that “interpolates” between V3, V3, V3:

g=4.4 . +5(V2 = V1) + (V3 - V1)
‘_ds dt 1 2 1 3 1)

https://doi.org/10.4153/50008414X21000353 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X21000353

1612 D. Cibotaru and W. Pereira

where % + % is the differential on C. The form P(n; E, V) on C x B is closed and

fac P(m3E, V) = TP(V1,V,) + TP(V2, V3) + TP(V3, V).

Use now (5.1) for H = idcxp to conclude that the Lemma works for three connections.
Using that TP(V, V') = — TP(V’, V) one can extend by induction to any finite num-
ber of connections. [

One applies the lemma with V; :=V, V5 := U™'VU, V3 = U'V'U and V4 := V'
in order to conclude property (b). Indeed one has

TP(V2,V3) =TP(V,V') = =TP(V4, V1).

Property (c) for TP(V,U'VU) is proved as follows. Consider the vector
bundle n*E — % (E) where n: % (E) — B is the natural projection. Then n*E
has a connection 7*V and it also has a tautological unitary isomorphism UT :
U (E) - % (n*E). Therefore, there exists a natural transgression closed form
TP(n* v, (U") Y (n*V)U") € Q* (% (E)).

Let U; be a smooth homotopy between Uy and U;. Then U is a section of

U (m:E) — [0,1] x B.

Then for any closed form w on % (75 E) the standard homotopy formula informs that
Ui w and U; w differ by an exact form on B. Take w := p* TP(7*V, (U")'7*vU")
where p : 13 % (E) — % (E) is the natural projection. It is not hard to check that

(5.3) Usw = Uy TP(n*v, (U")'2*vU") = TP(V, U, 'VUy) and

(5.4) Ufw=TP(V,U;'VU)

and this finishes the proof of the third property.

One checks rather immediately the naturality of TP.

Hence, TP(V, U™'VU) satisfies the four properties above. Define then the odd
Chern-Weil forms associated to (P, E, U, V) by

TP(E,U,V) := TP(V, U'VU).
We will also denote this by TP(U, V) when the bundle is clear from the context.

Remark 5.3 There is an alternative way of thinking about TP(E, U, V) that reminds
one of the clutching construction. Consider the fiber bundle 75 E — R x B where now
7m, : Rx B — B.

Then Z acts on 7E — R x B as follows:

ks (t,b,v) = (t -k, b, Ufv).

We get thus a vector bundle E = T(E, U) = n; E/Z. A smooth section of E is a smooth
family of sections (s; ) € ['(E) satisfying:

si_k(b) = Ufsi(b),  VbeB, keZ, teR.
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Suppose V, is a smooth family of connections on E — B satisfying:
(5.5) Vi = U Ry, U,

Then the connection T(V¢) = 4 + V, on 7} E “descends” to a connection on E as the
next computation shows:

(T(V0)5) -k (b) = %(t— ko b) dt + Veysii(b) =

= UF (1,0 di + U9, (U5 A Ufs ) () = U (T(7)9)) ().

Now, the affine family (1-¢)V + tU'VU defined for t € [0,1] satisfies (5.5) for
k =1and t = 0. Unfortunately, one cannot extend it to a smooth family satisfying (5.5)
so one cannot say that V is a smooth connection on E.

However, one can show that TP(E, U, V) represents the cohomology class

fslP(E),

where P(E) is the deRham cohomology class of the vector bundle E — S' x B. This is
because the transgressions between V and U™'V U determined by the affine path and
by a path satisfying (5.5) differ by an exact form. If one starts with a connection on E
of type T(V,), the integral over S' of P(F(T(V,))), is really the integral over [0,1]
of the same quantity and is just the transgression between V and U~'v U given by the
path of connections V. This justifies the claim.

All vector bundles over S! x B when B is compact arise up to isomorphism via the
clutching construction. This is because the pull-back of such a bundle to [0,1] x B is
isomorphic with the pull-back of a vector bundle from B. The isomorphism of the
fiber at 0 with the fiber at 1 gives the desired gauge transformation.

Example 5.4 Consider the trivial vector bundle C* — U(n). It has a tautological
gauge transformation U(U) := U. Let d be the trivial connection. Then the difference
between the U~'dU and d is just the Maurer-Cartan 1-form of U () usually denoted
g'(dg). Then the transgression forms Tci (U, d) corresponding to the elementary
symmetric polynomials ¢ in the eigenvalues of a matrix, or if you want to the standard
Chern classes are constant multiples of the forms

tr A2 1g71(dyg).

We determine these constants now. Let w := g~*(dg). Consider the family of connec-
tions over C":

d+tg'(dg) =d + tw.

Then the induced connection on C* — [0,1] x Bis V = d + {75 w. Using the Maurer-
Cartan identity dw + w A w = 0 we get that

F(V)=dtamo+ (- t)mw AT .
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Then, by definition, the component of degree k of the Chern character is
. i\F1 -k
che(9) = (7[) S (E(D)).

But letting A = dt A 73w and B = (#* - t)w A w, we see that A> = 0 and AB = BA and
s0 (A + B)* = B¥ + kB*1A. We therefore get

i
2n

1 2k
) Etr(/\ THw).

che () = ( ')k TR I e *w)+(

The last term vanishes before integration because A%¥

trace vanishes on commutators. Hence,

mjw = 1[mw,mjw] and the

N
(5.6) chy (V) = (’ﬂ) G il)'(Z_t)k—lthtr(AZkl 0).

On the other hand, [, |, (t2 - )t = (-1)*B(k, k) = (-1)*! [g,:i')],z
We conclude that

67) Teh(O,d) = [ chi(9)= (- (o )

(k=1

Tk tr(n*1 g7 (dg)).

We emphasize that this is the same form as (—-27i)~%*1/2 y2k—1 where y,;_; appears in
Definition 5.1 of [21]. In fact, Quillen shows in his Proposition 5.23, by a rather long
argument, that the form (-27i)**"/2y,,_, represents the integral of chy (E) over S,
where E is the vector bundle on S' x U(#n) constructed from the trivial bundle via the
clutching construction with respect to the tautological gauge transform. Remark 5.3
gives a more straightforward justification of this fact.

Now, the symmetric polynomials chy and ¢y are related via the Newton identities.
One has an identity of type:

ck = (-1)*(k —1)! chi +R,

where R stands for a sum of products of ch; with i < k. A quick glance at (5.6)
convinces us that R(V) = 0. Hence after integration over [0, 1] we get that

(5.8) Tee(U, d) = (271) [gk 1)]! (A g7 (dg)).
For k =1 one gets Tcy (U, d) = -5+ tr(g7'(dg)).

Let us end this example by glvmg a simple application.

Lemma 5.5 Let k<n and 1y, : U(k —1) > U(n) be the natural inclusion. Then
i1 Te1(U, d) is exact for | > k.

Proof It is enough to prove the Lemma for [ = k, and derive the general property
from the inclusions U(k —1) = U(I —1) = U(n). We look at the “clutching” bundle
determined by C" = CF! x C"**! over S! x U(k —1) where U(k —1) acts trivially
on C"**1, Denote this bundle by Ej ,. Clearly, Ey, will have n — k +1 linearly
independent sections, namely the vectors ey, ..., e, of the canonical basis get glued
to themselves and hence determine an trivial rank n — k + 1 subundle of Ej . It
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follows that ¢ (Ex,,) = 0 in cohomology and hence also [, cx(Ex,,) = 0. By Remark
5.3 and naturality of the odd Chern-Weil forms, this is the same as the class of
on Tex (U, d). ]

Remark 5.6 The odd Chern-Weil theory associates to a gauge transformation
certain odd cohomology classes. For simplicity we presented it here for structure
group U(n), but it can be easily adapted to principal bundles P — B endowed with a
gauge transform g and principal connection 1-form w. Then one gets a new principal
connection ¢! wg and integrating over [0, 1] the invariant polynomial in the curvature
entries of (1 - t)w + tg'wg gives a transgression closed form on the base space that
satisfies analogous properties as TP(U, V).

Recall that Chern-Simons theory constructs typically nonclosed odd forms living
in the total space of the principal bundle as follows. Take a principal bundle 7 : P — B
with structure group G, connection 1-form w and an invariant polynomial Q. Then
m*P = P xg P — P is a trivial principal bundle with the trivializing section given by
the diagonal embedding. It is endowed with two connections: 7*w and the pull-
back of the Maurer-Cartan connection 1-form 75 ¢~'(dg) via the projection 7, :
P — G induced by the trivialization. Using the affine family of connections between
3¢ (dg) and n*w one gets the Chern-Simons form TQ(w) on P. Since the
curvature of g~'(dg) is zero it follows that dTQ(w) = n* Q(w). The form TQ(w)
“descends” to a form on B only under very special circumstances.

The odd Chern-Weil theory on the other hand can be constructed in the same
spirit, only that one is using the bundle of gauge transformations which is the bundle
associated to P — B via the adjoint action of G onto itself.

6 The Chern classes of a gauge transform

In this section, we show how the main transgression identity from Corollary 3.3 can
be applied to simplify the proof and give an extension to a result of Nicolaescu in [19].
This application was previously announced in a preprint of the first named author and
posted on arxiv, using the tame version of the Corollary 3.3. However, the flow used
did not satisfy the condition of tameness. We revisit this application under a renewed
framework. The generalization has to do with the use of the odd Chern-Weil forms
introduced in the previous section.

The starting question is the following. Let E — B be a hermitian vector bun-
dle of rank n endowed with a gauge transform U e ['(U(E)) and a compatible
connection V.

Give a description of the Poincaré dual of Tc, (U, V), one in terms of pointwise
spectral data of U.

In order to achieve this purpose, we will use a horizontally constant, vertical
Morse-Smale vector field on fiber bundle over B with total space % (E).

Let : % (E) — Bbe the projection and n*% (E) = % (E) x3 % (E) — % (E) be
the pull-back. It has a tautological section U (the diagonal embedding of % (E)
in 7n*% (E)) which is obviously a gauge transform of n*E. With the help of the
connection 7*V we can construct Tex (U*, n°V) € Q* (% (E)) and the naturality of
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Tcy shows that
U* Tep (U™, V) = Tek (U, V).
The form w € Q* (% (E)) to be “flown” willbe w = Tc, (U7, 7% V). What is the flow
then? In order to define it, we need to fix a complete flag of sub-bundles
E=W;>-->W,={0}.
For1< i< nlet E; := W;_1/W; (better said the orthogonal of W; in W;_;) and
A= @ kidg,

1<k<n

be a self-adjoint endomorphism of E with distinct eigenvalues. Then the function
f:%(E) >R, f(U) =ReTr(AU)

has a fiberwise or vertical gradient which can be described as grad” f(U) = A — UAU.
The restriction to each fiber % (E, ) is a Morse-Smale function on the unitary group,
thoroughly explored in [19]* We recall the essential properties. The critical points
are in one-to-one correspondence with the invariant subspaces of A. More precisely,
let {e;,...,e,) be a basis of E, such that (Wy): = (e; ..., ex). The critical points
are reflections Uy := —idy @idy. where V = (e;,...,e;,) for some ordered set I =
{i1,...,ix} € {L,...,n}. There are 2" such critical points with the absolute minimum
(of f | Eb) corresponding to V = E;, and the absolute maximum to V = {0}.

The flow is given by the expression [9]
(t,U) — (sinh (tA) + cosh (tA)U)(cosh (tA) + sinh (tA)U)™".

From this, we deduce that the stable and unstable manifolds can be described by the
following incidence relations (compare with Corollary 16 in [19]):

S(Ur) ={U e U(Ep) | dim[Ker 1+ U)n W, ]=k-p, YO<p<k,
Vi, <m<ipy)
U(U;) ={U e W(Ep) | dim[Ker(1-U)NnW,]=n-k-q, VO<qg<n-k,
(6.1) Vjg <m<jgnts

where we set i := 0, g4 := 00 and {j; <+ < j,_x} = I° is the complement of I. We
note that dim U(Uj) = codim S(Uy) = ¥;¢;2i — 1.°

Remark 6.1 Ttis shown in [19] (Proposition 17 and Corollary 18) that the flow satisfies
the Smale property. Moreover, their closures U(Uj) and S(Uyj) are real algebraic sets.

One can show that in fact S(Uj) has a stratification with no codimension 1 strata
(see the comments after Corollary 5.1 in [4]) and by reversing the flow (or using

the involution U — —U) the same is true about U(Uj). In other words, S(U;) and
U(Uy) are pseudo-manifolds and S(U;) and U(U;) determine closed currents once

“The analysis in [19] is on the Grassmannian of hermitian Lagrangians but, by a Theorem of Arnold
a clever way of writing the Cayley transform makes this space diffeomorphic to the unitary group.
We ignore the indication of the point b in the flag so as not to complicate notation. It should be
clear from the context whether we refer to the fiber component or the entire fiber bundle.
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an orientation is chosen. Their volume is finite by the results of [12] (see Remark
4.21). This also implies in particular that the Morse-Witten complex associated to the
Morse-Smale flow induced by f is perfect, i.e., all the differentials are zero. This is not
the case for the analogous flow on the real orthogonal group.

We will need the following two computational results interesting in their own right.
Recall the forms Tci (U, d) from (5.8). We use the same notation for the analogous
forms on U(E}). In order to keep the notation simple, for this part, we will forget
about the point b and use E and W for E;, and W, and so on.

Lemma 6.2 Let I+ {k}. Then

f Tey (U, d) = 0.
U(Ur)

Proof Clearly this is true by definition if dim U(U;) # dim U(Uyy) = 2k - 1. If
dim U(Uy) = 2k —1 but U; # Uyyy then we infer that 1:=max{iel} <k-1 We
claim that this implies that

Ker(1- U) o Wiy, YU e U(Uyp).

Indeed, let m > 1 = max I. We first estimate p which satisfies j, < m < j, + 1, where
jp € I¢. Let I := |I|. Then, for some s > 0, we have

(6.2) M=1+S< fi_lise1-

To see this more clearly consider first s > 0 and notice thatin fact 1 + s = j,_;, as there
are exactly 1 — I + s of j’s in I° which are smaller or equal than ¢ + s, which itself lies in
I¢. For the case s = 0, one still has m =1 < j,_;,; since there are exactly : — | numbers
smaller or equal  which are not in .

Then (6.2) implies that p < 1 — I + s = m — 1. Therefore for U € U(Uy) one has:

dim[Ker(1-U)nWy,]=n-1-p>2n-m=dimW,,.

Hence U| w. = idw,, forallm > maxIand this applies to m = k — 1. It follows then that
the (proper) inclusion map:

ket : WWE,) = U(E), U-U®@idy,

takes U(U;) c W(W}-,) diffeomorphically to U(Ur) c U(E).° Now U(Uj) is a
closed current in U(W}_,) irrespective of the orientation. Then Lemma 5.5 and
Remark 6.1 finish the proof. u

In order to compute Tc (U, d) over U(Uyy ), we need to fix an orientation. Notice
first that U(Uky) = tk,n (U(Uyky)), where the latter lies within U(W}") by the same
type of argument that was used in Lemma 6.2 for U(U;). Moreover, by the naturality
of Tcx (U, d), one has G Ter (U, d) = Tex (U, d).

0Of course we abused notation by not making any difference between the unstable manifold
corresponding to Uy in U(E) and in U(W,_, ), respectively.
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It is only natural then to work on U( W;"). Notice that we have a natural flag on W}
defined by W/ := W; /W, 0 < i < k. Then

U(Ugry) ={U e W(Wy) | dim[Ker 1-U) N W, ] =k-1-m, YO<m<k-1}.

In fact U(Uyy; ) is an open dense subset of the following manifold defined by a single
incidence relation:

U(Ug) :={U e W(W}) | dimKer(1-U) = k- 1}.

This is because, generically, a hyperplane of W (like Ker (1- U) for U € U(U,;) will
intersect W, in dimension k —1— m for m > 1. Now

U(Ux) = {U e W(W) | dimKer (1-U) >k -1} = U(Uy) v {idw: }.
We use the following map
¢:S'x P(WE) — W(WR), (A, L) - Aid; @id;.

and note that for {1 # 1}, this map is a smooth bijection onto U(U, ) while on {1 = 1}
it “collapses” P(W") to idy;.

Remark 6.3 Notice that the map ¢ induces an homeomorphism between TCP*~!
(the Thom space of the trivial real line bundle over CP*~!) and U(U,).

Now, S! x P(W}") has a canonical orientation. We put the orientation on U(U,)
(implicitly also on U(Uyxy)) that makes ¢ orientation reversing. The reason for this
choice is the next result.

Lemma 6.4

Te (U, d :f Ter (U, d) = 1.
ﬂ*w”)ca )= foog Ter(0d)

Proof Fix L ¢ P(W}'). We write ¢ in the “chart” §' x Hom(L, L*):

A+AYA % A\=1 g%
- (A-1)(1+A*A)A
gb()L,A):( LeATA . ,
(A-1)(1+AA*)A Ll

where the decomposition of ¢(A, A) on the right is relative L & L*. The differential at
the point (A, 0) in this chart is:

dm,L(w,S):( 0 1V1)s (A —Ol)s* )

Hence,
¢1(A,L)d¢A,L(w,5)=( (AA_WDS a-Ds' )

The right hand side is always a skew-symmetric matrix. This is of course the pull-back
of g7'(dg) to 8" x P(W}). It should be looked at as a 1-form with values in &(k) =
~(1 @ 1) where 7 is the tautological bundle over P(W}! ) pulled-back to S x P(W}).
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Then we see that

-1 *
AdA —oc(/\)dSL) a) =A-1,

witapan-( s G

where dS denotes (the pull-back of) the 1-form with values in the bundle
Hom(7,74) ~ T-OP(W}), obtained by differentiating idp(w;) and dS* is the con-
jugate of dS. The important point is that dS is globally defined not just in the chart
centered at L.

We need to compute A2*"1¢* (g7 dg). Write then

4" (g7dg) = C+ B,

where
_ AldA o L 0 -a(A)ds*
C"( 0 0 ) B"( a(1)ds 0 '
0 0
WeneedalsoClz( 0 -2 dleid )

The following relations are straightforward

C*=0, Ci=0, B*C=CB? B°C =CB,

CC =CC=0, BCB=B’C, CBC=0, CBC =0.
Let A°B := id. We prove by induction that for all j > I the following holds.
(6.3) NI (g7l dg) = AU TPBA[JC + (- 1)Ci] + A 7B

Indeed the equality is trivially true for j = 1. Let w := ¢* (g dg) and write 0/ := A w.
Then the following computation finishes the proof of (6.3):

w1 = 0P A w? = [BY((j-1)C+ (j-2)C) + BY ) (CB+BC + B?) =
=BY*((j-1)C+(j-2)C)B*+B¥*CB+B*2C+B¥' =

BY2((j-1)C+(j-2)C)) + B¥*C, + B¥2C+ B!
=BY72(jC+ (j-1)Cy) + BY
Now B%! is block anti-diagonal, hence tr B2*~! = 0 and we conclude that:

tr A% o = tr BF 2 A (jC+ (j-1)C) =
= [(-D*a(V)[*2171dA] - w-str(DF 1),

wherew—str( h 0 ):ktrTl—(k—l)TzandD:(

dS* A dS 0
0 T '

0 dS* AdS
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We have thus written tr A2"1¢* g7 (dg) as a product of pull-backs of forms from
' and P(W}') respectively. Since ¢ is orientation reversing we have

64) [ wagdg) = [ (DHaFAdL [ sestr(DEY),
64 [ wntgidg = [ (D)) [y D)
We use the orientation preserving Cayley transform t — % to turn the integral:

f (“1)a(A)PE2A71dA = (~1)k2k! f (1-ReA)* A 1d)
St st

into
21, \k; 1 koo 2k -2

In order to compute the integral of w-str(D*™1), we notice first that w-str(D*™1)
is a U(W}") invariant form on P(W}") and therefore has to equal a constant multiple
times the Fubini-Study volume form of P(W}!). If we fix a point Lo € P(W}") we can
describe dS and dS* in terms of a canonical basis of the chart centered at Ly as

d21
ds;, =| %= sy = ( dz dz - diy )
dzy

Therefore,
k-1
dS;, AdSy, = Y, dz; ndz;, and (dS, AdS},)ij=dzindzj, V1<i,j<k-1L
i=1

We get
(S, AdSL) ! = (k-D(-1)*"dzy ndzy Ao Adzgoy A dzgy.

One checks rather easily that (dSg, A dS], )%~1is diagonal and each diagonal entry is
up to a sign equal to (k —2)!dz; Adzy A+ Adzg_y A dZg_1. In fact

(dSpy AdS; ) = (-2 (k-2)ldz Adz A Adzgy AdZ ®id
and thus
w-str Df ' = (1) (2k = 1) (k — 1)ldzy AdZy A A dzgoy AdZgr.
The Kahler form at the point Ly on P(W}") (see [10], p. 31) is

. k-1
1 _
L, = ﬂ Z de A de

=

and

k-1
A =1
[p(wkl) 1
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We compare A¥1y;, and w—str(Dfo_l) and deduce, due to the fact that they are
invariant forms that

wostr (D) = (—1)%1 (2k - 1) (i”)k_l AR

and therefore

(6.6) [ oy WS (D) = (D) 2k ) (

Putting together (6.4)-(6.6) we conclude that
2k -2 2\t r2m\k 2k -1)!
R o R =
[Uam raTg(dg) = 2wl )R- S i) (k-
We will keep the notation U;, S(U;) and U(Uj) for the corresponding criti-
cal/stable/unstable manifolds in U(E).

2 k-1
7)o

Theorem 6.5 Let E — B be a trivializable hermitian vector bundle of rank n over an
oriented manifold with corners B endowed with a compatible connection. Let g : E — E
be a smooth gauge transform. Suppose that a complete flag E = Wo > Wy > --- > W, =
{0} (equivalently a trivialization of E) has been fixed such that g as a section of U(E) is
completely transverse to all the manifolds S(U;) determined by the flag. Then, for each
1< k < n there exists a flat current Ty such that the following equality of currents of
degree 2k — 1 holds:

(6.7) Tex(E, g, V) =g (S(Uyy)) = d T,
where
g (S(Ugxy)) = {beB| dimKer (1+gy) N (Wi1)p =1,
dimKer (1+ g) n(Wg)p = 0}.
In particular, when B is compact without boundary, then Tci(E,g,V) and
g '(S(Ugxy)) are Poincaré duals to each other.

Proof We use Corollary 3.3 for the fiber bundle U(E) with the flow described in this
section and form w = Tcx (U™, 7V ) where 7 : U(E) — B. All the necessary residue
computations have been performed. [ ]

Remark 6.6 The current Ty is a spark in the terminology of Harvey and Lawson.

Remark 6.7 While the transversality condition of ¢ with the stable manifolds S(Uy)
such that S(Ur) c S(Uyyy ) is a reasonable requirement for the existence of the current
§'(S(Ugxy)), it seems unnatural that one needs to impose the transversality of g
with all stable manifolds S(U;) in order to obtain (6.7) as one does in Theorem 7.
We conjecture that (6.7) is true under the weaker hypothesis.

7 A Fredholm transgression formula

In [21], Quillen introduced various smooth differential forms that live on (infinite
dimensional) Banach manifolds that are classifying for even and odd K-theory. Fix
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H a complex, separable Hilbert space and let .Z, .£*, # be the space of bounded,
bounded and self-adjoint, respectively compact operators on H. Inside %" there exists
a sequence of two-sided ideals, called Schatten spaces, denoted Sch?.

The Palais spaces are the spaces of unitary operators U? := U(H) n (idy + Sch?)
and it is well-known that they are smooth Banach manifolds (modeled on Sch” n.#*)
and also classifying for odd K-theory, i.e., they have the weak homotopy type of
the topological direct limit of spaces U(oo) :=lim U(#n). Quillen defined different
families of smooth closed forms y}, ,, yék_l,q, @}, _, where te C, Ret>0, neN,
u > 0 which are well-defined on the finite dimensional unitary groups U(n) and on
certain Palais spaces as follows (see Theorem 5 in op. cit.):

(1) y5;_, on UP when p <2k - 1;
(2) Y311, o0 UP when p <2k —1+2g; and
(3) @5,_, on U’ forall p.

The forms y5, 1 Vo, ;> and @), _, are all cohomologous and represent the degree

2k — 1-component of the odd Chern character chyx_; of the universal K™!-class, i.e.
the class induced by the identity map idy (o). We will call each of them a Quillen
form.

In [4] we gave alternative construction to the pull-backs ¢*ch,;_; when ¢ : B > U?
when B is a compact oriented manifold and ¢ is smooth. In fact, the theory works for
maps ¢ : B— U™, where U™ is the open subset of unitary operators U such that 1+ U
is Fredholm. This is another manifold classifying space for K™! that contains U? for
every p, however, it does not come with any easy to describe smooth differential forms
on it. Under a certain finite set of transversality conditions, the classes ¢ chy;_; were
described (up to multiplication by a rational number) via preimages ¢ ' Z(x, where
% are stratified subspaces of codimension 2k —1in U™. In fact, the Schubert cell
Zky is defined by the same incidence relations as the stable manifold S( Uy} ) we saw
in last section.

We used local (sheaf) cohomology in order to associate to a finite codimensional,
cooriented stratified space a cohomology class, which behaves well under transverse
pull-back. Here, we take a different path and show that in fact under a different but
still finite set of transversality condition one can define the current ¢* Z;; and this is

(D~
k-1

Poincaré dual to
is true.
We will assume that a complete flag

¢* Q where Q is a Quillen form. In fact something stronger

HoWy>--> WD

has been fixed with codim Wy = k. For every I = {ij < --- < iy} a k-tuple of positive
integers, let

zP:={UeWU | dimKer(1+U) = k,dimKer(1+ U) n Wy, =k — p, YO< p <k,
Vip <m< ip+1},

where as usual iy = 0, ij,q = oo.
We notice that for every smooth map ¢ : B— U and every p from a compact
manifold B there exists a subspace Wy of the flag such that Ker(1 + ¢ (b)) n Wy = {0}
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for all b € B. This is because if U € U? then 1+ U is Fredholm and this is an open
condition. It follows that the collection of transversality condition ¢ 4 Z¥ is trivially
satisfied if there exists a > N such that a € I since then ¢™(Z?) = @. Hence, ¢ 4 Z¢
for every I is a generic condition.

Theorem 7.1 Let ¢ : B — UP be a smooth map from a compact, oriented manifold B,
possibly with corners such that ¢ § Z¥ for every I Let Qy be a Quillen form of degree

2k — 1that makes sense on UP. Then for every such Qy, there exists a flat current Ty, such
that:

(71) 97 Zpy - () (k- 1)l9* Oy = d T

In particular, when B has no boundary, ((;%):;(p_lka} represents the Poincaré dual of
chox_1([@]), where [¢] € K™!(B) is the natural odd K theory class determined by ¢.

Proof We use symplectic reduction. For each linear subspace W c H of finite
codimension there exists a smooth (even real analytic) map Z" : U}, — U(W*),
where

Us, == {U eU” | Ker(1+ U)n W ={0}}
is an open subset of U”. The expression of R" relative to the decomposition U =

X Y . . _ 1
( 7 T )Vls—a—wsH—WéBW is:

RV (U)=T-z0+X)'Y.

The map R"” has some nice properties. For example it can be shown that together
with the “0-section™

L UWH) s Ul U - —idweU
is diffeomorphic to a vector bundle over U(W*) (see Corollary 4.1 in [4]). Hence,
by choosing W = Wy a subspace of the flag, we get that Im ¢ ¢ U?, and there exists a
smooth homotopy 4 : [0,1] x B — U? between y := R" o ¢ and ¢. The Quillen forms

Qy have finite dimensional counterparts QL’VL such that (*Qy = Q,‘(’VL. Hence there
exists a smooth form $(Qy) on B such that

¢ Qe =y O = d(B( Q).
Another important, straightforward property is that " (Z?) = $(U;) and in fact
the stronger (R")™(S(Uy)) = Z? holds. It follows that (p‘l(ka}) =y ' (S(Ugy))-
Therefore we can use Theorem to conclude that (7.1) holds for Qj = yék_l which

coincides with Tchy. Since the Quillen forms of degree 2k — 1 are all cohomologous
in the finite dimensional case we get the result for such forms. [ ]

Remark 7.2 The coorientation (implicitly the orientation) of ¢! Z{yy is discussed in
detail in [4].

71t is called symplectic reduction because under Arnold’s theorem which identifies the unitary
group U? with the (Hermitian) Lagrangian Grassmannian of Schatten class p it corresponds to the
homonymous process well-known in symplectic topology.
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