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For a smooth compact submanifold K of a Riemannian manifold Q, its unit conormal bundle Ag is a
Legendrian submanifold of the unit cotangent bundle of Q with a canonical contact structure. Using
pseudoholomorphic curve techniques, the Legendrian contact homology of Ak is defined when, for
instance, Q = R”. Aiming at giving another description of this homology, we define a graded R-algebra
for any pair (Q, K) with orientations from a perspective of string topology and prove its invariance
under smooth isotopies of K. We conjecture that it is isomorphic to the Legendrian contact homology
of Ak with coefficients in R in all degrees. This is a reformulation of a homology group, called string
homology, introduced by Cieliebak, Ekholm, Latschev and Ng when the codimension of K is 2, though
the coefficient is reduced from the original Z[m; (Ag)] to R. We compute our invariant (i) in all degrees
for specific examples, and (ii) in the 0" degree when the normal bundle of K is a trivial 2-plane bundle.
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1 Introduction

Convention Throughout this paper, all manifolds are of class C °° without boundary and second countable,
and all submanifolds are of class C*° without boundary, unless otherwise specified.

Background Let Q be a manifold with a Riemannian metric, and K be a compact submanifold of Q.
To any pair (Q, K), one can associate the unit cotangent bundle UT*Q of Q and the unit conormal
bundle Ak of K. It is well known that U T* Q has a canonical contact structure and A is a Legendrian
submanifold of UT* Q.
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As an invariant of Legendrian submanifolds, the Legendrian contact homology has been studied for pairs
(M, A) of a contact manifold M and its compact Legendrian submanifold A. It is the homology of a
differential graded algebra generated by Reeb chords of A, and was introduced by Chekanov [4] and
Eliashberg [12]. The differential is defined by using pseudoholomorphic curves in the symplectization of M.
A rigorous definition was given by Ekholm, Etnyre and Sullivan [9; 11] when there is a diffeomorphism
from M to the contactization of a Liouville manifold which preserves contact forms. As is mentioned
in [11, Section 5.1], this included the case of M = UT*R”". (The definition of [11] is given by
pseudoholomorphic curves in the Liouville manifold. These curves can be lifted to pseudoholomorphic
curves in the symplectization of M. See Dimitroglou Rizell [7].)

Suppose conceptually that we have an algebraic invariant in symplectic or contact topology defined by
using pseudoholomorphic curves, and apply it to an object related to the cotangent bundle 7* Q. For
instance, we consider the symplectic homology of 7* Q, or the wrapped Floer homology of the conormal
bundle Lg of K in T*Q. In this case, it is known by the following results that these invariants have
another view from the topology of the loop or path space of Q, without using pseudoholomorphic curves
(here we assume that Q is a closed spin manifold and all homology groups have Z-coefficients):

e The symplectic homology SH«(T* Q) of T*Q is isomorphic to the singular homology of the free
loop space of Q; see Abbondandolo and Schwarz [2], Abouzaid [3] and Viterbo [20].

¢ The wrapped Floer homology W Fy (L, Lg) of Lk is isomorphic to the singular homology of
the space of paths in Q with endpoints in K; see Abbondandolo, Portaluri and Schwarz [1].

These results lead us to an expectation that if the Legendrian contact homology of a pair (UT*Q, Ak)
is defined, it has another description in terms of the topology of the path space of Q. This expectation
has already been confirmed in particular cases. When the codimension of K is 2, Cieliebak, Ekholm,
Latschev and Ng [6] defined a graded Z[m; (A g)]-algebra, called string homology, which is inspired
by string topology of the path space of Q. They showed that when Q is equal to R? with the standard
metric and K is a knot, the 0" degree part of this algebra is isomorphic to the 0" degree part of the
fully noncommutative Legendrian contact homology of (UT*R3, A g) with coefficients in Z[r1(Ag)].
However, such topological descriptions have not yet been defined in higher degrees or for K with
codim K # 2.

Main results Let Q be an oriented manifold and K be its compact oriented submanifold of codimension
d > 1. The main purpose of this paper is to define a graded R-algebra Hffrmg(Q, K) and observe its
basic properties. This graded R-algebra can be regarded as a reformulation of the string homology of [6],
whose coefficient is reduced from Z[m1 (A k)] to R. The feature of our formulation is that H. imng(Q, K)
is defined for K of an arbitrary codimension and in all degrees, compared to the string homology defined
for K of codimension 2 and generated by singular chains of degree less than or equal to 2. The two
main differences from the string homology in its construction are the reduction of the coefficient and the
substitution of singular chains by de Rham chains explained below.
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The construction of H. ,‘Zmng(Q, K) can be briefly summarized as follows: We first choose auxiliary data
including a complete Riemannian metric on Q. As a graded R-vector space, it is defined to be

(1) HY™(0,K):= lim lim HZ%e,S),
a—00 (¢,6)€T4
e—>0

where H%(g,8) fora € R-¢ \ £(K) and (¢, §) € T, is the homology of a chain complex

o0
2) (C:“(s) =P CR iy T T, Da).
m=0

An explanation for each piece of the above definition is the following:

(A) CIR(X, A) is the R-vector space of de Rham chains defined for a pair of differentiable spaces (X, A).
Together with the boundary operator

3: CIR(X, 4) > CR (X, A),

(CR(X, A), d) becomes a chain complex. De Rham chains can be used as substitutions of singular chains
over R. Their basic properties are summarized in Section 2. The advantage is that the fiber product of de
Rham chains can be defined in a natural way. The main references are Irie [15; 16].

(B) Fora € Rs>g and m € Z>1, X% is a differentiable space of sequences (y1,...,ym) of paths
Yk: 10, Tx] — O for k = 1,...,m with endpoints in K. It includes all (yx)k=1,...,» Whose total length is
less than a. For the precise definition, see Section 3.1. Exceptionally, X§ is the one-point set for a > 0
and Eg is the empty set.

(C) Dy is defined by Dy (x) := dx + Y (~)P L fi () forx € CR () o (2577, 23,). Here

1
fes: CR(saime £0) > cR _ (set@HDe 50 ) fork=1,....m

are operators which play the key role in our construction. The idea comes from an operation of string
topology explained by three steps:
(i) Fix a pair of short paths (0;: [0, &;] = Ng)i=1,2 in a tubular neighborhood N, of K such that
01 (81), 0'2(0) € K and 0, (0) = 0'2(82).

(ii) For any sequence of m paths (Vi )k—=1.....m» we split the k™ path y; : [0, Tx] — O at a time, say T,

.....

if the image yx (7) coincides with 071(0). We then concatenate i |[o,7] (resp. Vi |[¢,7,]) With o1
(resp. 02) to get a new sequence of m + 1 paths

1o Vi—1, k0,21 01), (02 Viel (e, 1) Vie+15 -+ -5 Ym)-
(iii) We extend the procedures (i)—(ii) for families (or chains) of paths parametrized over manifolds.

For the precise definition, we need to take fiber products of chains. See Setions 3.3 and 3.4. The
operator fi s depends on a chain § € C;E 4(Se), where S for ¢ > 0 is a differentiable space of pairs
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of short paths in N, introduced in Section 3.1. For a € R+ \ £(K), where £(K) is a closed subset of
Lebesgue measure 0, a set 7, consisting of pairs (g, §) is defined in Definition 4.4. It is necessary to
prove Dg o Dg = 0 for any (¢, 8) € T4, which we do in Proposition 4.1, to define the chain complex (2).

(D) The inverse limit in (1) is defined from an inverse system

({H %, 8)}e.8)e,» tk(er.67).(e.6) to'<e)-

Its construction is given in Section 4.3. To define the linear map k(. 5/) (¢,5): Hy?(¢',8') > H % (e, 8),
we need to factor through another homology group constructed from “[—1, 1]-modeled de Rham chains”.
Furthermore, to check its well-definedness and a claim about composition, we need one more homology
group constructed from “[—1, 1]?-modeled de Rham chains”. These variants of de Rham chains are
introduced in Section 3.5.

(E) The inverse limit is denoted by H%(Q, K) := lim _  H ~9(e,8). The direct limit in (1) is defined
from ({H;4(Q, K)}aeR-o\s(k)» {1 %P }a<p), where 190 HZ4(Q, K) — H:P(Q, K) is induced by

the inclusion maps $4+7¢ — $64m¢ for all m € Z¢. See Section 4.4.

(F) A graded associative product structure on H itring (Q. K) is induced by natural maps X4, x E‘r’n/, —

aniar;l, for all m,m’ € Z . The unit comes from 1 € R = C§R(24, £9) for a > 0. See Section 4.4.2.

A fundamental property of H ,,Sfring(Q, K) is the invariance under C *° isotopies of K.

Theorem 1.1 The unital graded R-algebra H;:tring(Q, K) is independent up to isomorphism of the
auxiliary data and invariant under changing the orientation of K. Moreover, it is invariant under C *°
isotopies of K. (See Proposition 4.20.)

We also give nontrivial computations when Q = R24~1 for d > 2. For two specific submanifolds
in R24~1 both of which are diffeomorphic to S d=11;84-1 we prove that our invariant is isomorphic to
the homology of a finitely generated differential graded algebra. Using this computation, we obtain the
next result.

Theorem 1.2 For every d > 2, there are two nonisotopic oriented submanifolds K and K’ in R24-1 of
codimension d such that A g is isotopic to Ak’ as a C°° submanifold with a spin structure in U T*R24-1,
while Hy""(R24-1 K) 2 H"™(R24~1, K’). (See Corollary 5.10.)

The spin structure on A g for any submanifold K in a spin manifold Q is explained in Proposition 5.11.
Another purpose of this paper is to shed light on the relation to Legendrian contact homology. The

following result is nontrivial from the construction.

Theorem 1.3 When the codimension of K is 2 and the normal bundle of K is trivial, H)""¢(Q, K) is
isomorphic to the cord algebra of (Q, K) over R. (See Theorem 6.11.)
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If K is connected, the cord algebra over R we consider in this paper is a reduction of the cord algebra
over Z[Hi(Ak)] defined by Ng [19]. Combined with a result of Ekholm, Etnyre, Ng and Sullivan [8],
the cord algebra for a knot K in R3 was proved to be isomorphic to the 0™ degree part of the Legendrian
contact homology of (UT*R3, Ag). Later, another direct proof was given in [6].

The author makes the following more radical conjecture when Q = R”.

Conjecture 1.4 For any compact oriented submanifold K in R"*, H imng (R", K) is isomorphic to the
Legendrian contact homology of (UT*R", Ag) with coefficients in R.

The Legendrian contact homology with coefficients in R is an invariant of Legendrian submanifolds with
a spin structure; see Ekholm, Etnyre and Sullivan [10; 11]. If Conjecture 1.4 is true, then our invariant can
be applied to study the contact topology of U T*R”. For instance, assuming this conjecture, Theorem 1.2
would imply that A g is not isotopic to Ak~ as a Legendrian submanifold with a spin structure.

Organization of paper In Section 2, general notions of a differentiable space and its de Rham chain
complex are introduced. In Section 3.1, the differentiable spaces X%, and S are defined. Their de Rham
chain complexes are observed in Section 3.2. Through Sections 3.3 and 3.4, the operator fi 5 is defined.
In Section 3.5, [—1, 1]-modeled and [—1, 1]?>-modeled de Rham chains for path spaces are introduced. In
Section 4.1, we define the chain complexes (2) and give a couple of computations. In Section 4.2, we
consider their variants using those chains in Section 3.5. They are necessary to define the map k(. 57y (¢,5)
in Section 4.3. The definition of Himng(Q, K) is given in Section 4.4. The independence on auxiliary
data is checked in Section 4.5, from which the isotopy invariance follows immediately. In Section 5, we
examine the algebraic structure of Himng (R24=1 K) when K is a higher-dimensional generalization of
the Hopf link or the unlink in R3. In Section 6.1, referring to [6], we define the cord algebra and give
another description as the 0" degree part of the string homology. In Section 6.2, we construct a graded
map from the string homology to H imng(Q, K). In Section 6.3, this map is proved to be an isomorphism
on the 0™ degree part.

Acknowledgements The author would like to express his deep gratitude to his supervisor Kei Irie for
spending hours of discussion and giving so much valuable suggestions and continuous encouragement.
This work was supported by JST, the establishment of university fellowships towards the creation of
science technology innovation, Grant Number JPMJFS2123. Part of this work was supported by the
WINGS-FMSP program at the Graduate School of Mathematical Science, the University of Tokyo.

2 Differentiable space and de Rham chains

In this section, the notions of differentiable spaces and de Rham chains are introduced. We also summarize
results applied in the latter sections.
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Remark 2.1 The notion of differentiable space goes back to [5] by K-T Chen. The notion of de Rham
chains was proposed by Fukaya [14], and later Irie gave the definition in [15; 16]. We mainly refer,
especially about sign conventions, to [16]. As is mentioned in [15, Remark 4.1], the definition of plots
(elements of a differentiable structure) in this paper is different from that of [5].

2.1 Notation and conventions

Form, N € Z>o, let U,, y be the set of oriented m-dimensional submanifolds of RY. We then define
W:=,,, NeZ-o Wm,N- Letus fix a few conventions about orientations. If we write R"™ forn € Z>1,
this means the manifold R” € U, , whose orientation is given so that dxj A--- AdXxy is a positive volume
form when (x1, ..., Xp) is the standard coordinate of R”. If we write {0}, this means {0} € U o With a
positive sign assigned.

Let us think about the orientation of fiber products of oriented manifolds. For U, V, M € A, suppose that
there are two C° maps f:U — M and g: V — M. We also assume that g is a submersion. (Hereafter,
all submersions are of class C°°.) Then the fiber product

U pxg Vi={.v) €UxV | fu) = g()}

is a C*° submanifold of U x V. In order to determine the orientation at (1, v) € U rxg V, we take a right

inverse s: Ty )M — Ty, V of (dg)y (ie (dg)y o s = idr,,,m). Then there are two isomorphisms

Tew)M xKer(dg)y — Ty V, (z,y) > s(2)+y,
TyU xKer(dg)y — Tu,v)(U rxg V), (x,y)(x,y +so(df)u(x)).

The orientations of Ker(dg)y and Ty, ,)(U rxg V) are determined so that the above isomorphisms
preserve orientations. Of course, when X and Y are oriented R-vector spaces, we assign the product
orientation on X x Y. In particular, when M = {0}, this gives the orientation of the product manifold U x V.

For U €U, QF(U) is the vector space of compactly supported C > differential p-forms on U. When
p <0or p>dimU, we define Q¥ (U) := 0. For U, U’ € U and a submersion 7 : U’ — U, we have an
R-linear map

7'[!:Qg(U/)—)Qg_(dimU/_dimU)(U),

called the integration along fibers. When U’ = R? x R, U = R¥ and 7 (¢, x) = x for (¢, x) € U’, this
map is characterized by the following: for f € QUU’), 1 <iy <---<ig<dand 1 < ji <--- < j, <k,
if we take w := f(dt;; A---ANdti, Ndxj, A---Adxj,), then, for every x € U,

0 ifa <d,

(7[!(0))))6: (fRd f(~,X)dt1/\"‘/\dtd)(dxi]/\"'/\dxia)x ifa=d.

For an arbitrary submersion 7r: U’ — U, m is defined by taking local charts and a partition of unity on U.
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2.2 De Rham chain complex

2.2.1 Differentiable space We proceed to the definition of differentiable spaces.

Definition 2.2 Let X be a set and Py be a set of pairs (U, ¢) of U € U and a map ¢: U — X. We say
Py is a differentiable structure on X if it satisfies the following condition:

e Forany (U, ¢) € Px, U’ € and a submersion 7 : U’ — U, the pair (U’, ¢ o ) is also an element
of Px.

We call such a pair (X, Py) a differentiable space. An element of Py is called a plot of (X, Px).

Example 2.3 Let M be a manifold. There are two types of canonical differentiable structures on M :
Py ={(U,9) | ¢:U — M is a C*> map}, P;;g ={(U,p)|¢:U — M is a submersion}.
Clearly, (M, Pys) and (M, P;;g) are differentiable spaces. The latter is denoted by M ™2, We consider

the differentiable structure Py for any manifold M, unless we declare we use M "%,

Definition 2.4 Let (X, Py) and (Y, Py) be differentiable spaces and Z be a subset of X. Denote the

projection map from X x Y to X (resp. Y) by pry (resp. pry), and the inclusion map from Z to X by (7.
(a) We define differentiable structures on X x Y and Z by

Pxxy :={(U,¢) | (U,pryog) € Px and (U,pryop) € Py}, Pz:={(U, ¢)|(U,1zop)€ Px}.
(b) Let f: X — Y be amap. We say f is a smooth map if (U, f o) € Py for any (U, ¢) € Py.
In the case of the above definition, we simply call (Z, Pz) a subspace of (X, Py). Note that, given a

set W and two maps f: X — W and g: Y — W, the fiber product X rx, Y becomes a differentiable
space as a subspace of (X x Y, Pyxy).

2.2.2 De Rham chains Next we introduce the notion of de Rham chain complex. Hereafter, if we say that
X is a differentiable space, this means that X is equipped with a differentiable structure, denoted by Pyx.
Let X be a differentiable space. We consider a graded R-vector space
4X)= @ iV w).
WU,p)ePx

For (U,¢) € Py and w € QgimU_*(U), let (U, ¢, w) denote the element of A.(X) whose component

for (V,¥) € Py is o if (V,y) = (U, g),

0 if (V.y)# (U g).
We take a linear subspace Z(X) of A4(X) generated by

U, 0. 0)y) = {

{(U',pom,w)— (U,¢,mw) | (U,p) € Py and 7: U" — U is a submersion}.
Then we define a quotient vector space

CR(X) := Ax(X)/ Z4(X).
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The equivalence class of (U, ¢, ) € A«(X) in CIR(X) is denoted by [U, ¢, w]. We also define an
R-linear map 9: CIR(X) — CfEI(X) of degree —1 by

0U.p.0] = (=D [U.¢.dw].

This map is well defined and d0d = 0. (CIR(X), ) is called the de Rham chain complex of a differentiable
space X, and its elements are called de Rham chains of X. By taking its homology, we obtain

H®R(X) := Ho(CR(X), ).
In addition, a functoriality holds. Namely, any smooth map f: X — Y induces a chain map
[ CRX) — CR(Y), [U.¢,0]=[U, fogp.o].
Remark 2.5 The following are fundamental techniques to compute de Rham chains:

(a) For[U, ¢, w] € CIR(X), suppose that VV C U is an open subset containing supp w. Then [U, ¢, w] =
[V. ¢l olv] € C{R(X).

(b) If (R x U, ) € Py satisfies ¢(s,-) = ¢o when s < 0 and ¢(s,-) = ¢1 when s > 1 for some
(U, o). (U, ¢1) € Px, then

IR x U, ¢, (—1)®'y x 0] = [U, g1, 0] — [U. 9o, ] € CR(X)
for a closed form w € QgimU_*(U) and y: R — [0, 1] such that supp y is compact and y(s) = 1

for every s € [0, 1].

Example 2.6 Let M be an oriented smooth manifold. The de Rham chain complex of M "# is naturally
isomorphic to (4im M=*(M), d) through the map

CR(M™2) —» QImM=P (), [U.p,0] (-1))Pypw.
Here s(p) := %( p—dim M)(p—dim M —1). Hence HIR(M™2) is isomorphic to the compactly supported
de Rham cohomology H f}gll{M —*(M).

Let us define the de Rham chain complex for a pair of differentiable spaces. A smooth map f: X — R
is said to be approximately smooth if there exists a decreasing sequence (fj);jez., of smooth maps
from X to R such that lim; . fj(x) = f(x) for every x € X. The following lemma is proved in [15,
Lemma 4.11].

Lemma 2.7 For an approximately smooth function f: X — R, let X% := f~1((—o0,a)) for every
a € RU{oo}. Then, fora,b € R U {oo} witha < b, the linear map i, : CIR(X%) — CIR(x?), which is
induced by the inclusion mapi: X¢ — X b is injective.

In the setting of the above lemma, we define a quotient complex
CIR(XP. X% 1= CR(XP) [ in(CER (X)),
Its homology is denoted by HIR(X?, x2).
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Next, we define a fiber product of de Rham chains.

Definition 2.8 Let (X, Py) and (Y, Py) be differentiable spaces. Suppose that we have an oriented
manifold M of dimension n and two smooth maps
f:(X,Px) > (M, Py). g:(Y,Py)— (M, Pyf) =M™,
Then we define a linear map
CoEa(X)®CR, (V) = Cf (X g ¥). x®y > x pxgy
by
x pxg v i= (=DPIIW, (0 x9)lw, (@ x mlw]
forx =[U,¢,w] € CR (X)and y =[V,y,n] € CR (Y). Here, W := U fopXgoy V is a fiber product

p+n q+n
over M.

It is straightforward to check the well-definedness of x X y. It can also be checked that

I(x £xgy) =(0x) rXgy+ (=1)Px rxg (3y)

for any x € lein(X) and y € C;in(Y). When M = {0}, we simply write x sXg y as x X y.

2.2.3 Collection of results about the de Rham chain complex In the rest of this section, let us
summarize some basic results about the de Rham chain complex. The first result can be compared
with the computation for M2 in Example 2.6. Hereafter, H"¢(-) denotes the singular homology with
coefficients in R.

Proposition 2.9 For every oriented manifold M, there exists a canonical isomorphism
Wy HY"*(M) — HR(M)

such that, for any C° map f: M — N between oriented manifolds, Vy o fx = fxoWyy.

For the details of the construction of Wy, see [15, Section 4.7]. It is the composition of a natural
isomorphism between H =img(M ) and HJ™(M) (the homology of smooth singular chains in M) and a
canonical map from H™(M) to HIR(M). For the proof that Wy, is an isomorphism, see [15, Section 5].
This result can be extended to relative homology groups for (M, N), where N is an open submanifold
of M such that N = f~1((—o0, a)) for some approximately smooth map f: M — R.

Next, let f, g: X — Y be smooth maps between differentiable spaces. We say f is homotopic to g if there
exists a smooth map H: R x X — Y such that H(¢,x) = f(x) fort <0and H(z,x) = g(x) forz > 1.
Then we have the following result. For the proof, see [15, Proposition 4.7].

Proposition 2.10 For two smooth map f,g: X — Y, if f is homotopic to g, then there exists a chain
homotopy K : CIR(X) — CI® | (Y) such that 0K + K = fx — g«. In particular, fi = g«: H{R(X) —
HR(Y).
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Remark 2.11 For three smooth maps f, g,h: X — Y such that f is homotopic to g and g is homotopic
to i, we can ask whether f is homotopic to 4. In fact, if the differentiable structure Py of Y satisfies the
following condition, such transitivity holds (the proof is straightforward):

e For any U € U and (Uy, ¢1), (U2, ¢2) € Py such that (U;);=1,2 is an open cover of U and
¢1lu,nu, = ©2|lu,nu,, (U, @) € Py holds for ¢: U — Y which maps u € U; to ¢; (u) fori =1,2.

All differentiable spaces appearing after Section 3 satisfy this condition. However, as mentioned in [15,
Remark 4.4], it seems difficult in the general case to prove such transitivity.

The last one is a result about excisions.

Proposition 2.12 Let X be a differentiable space and Y = f~!((—o0,a)) C X for some approximately
smooth function f: X — R and a € R. Suppose there is another approximately smooth function
g: X — R and by € R such that g~ ((bg, 00)) C Y. For every b > by, let X := g~1((—o0, b)) and
Y?:=(g|ly) ' ((—o0, b)). Then the inclusion map of pairsi : (X?, Y?)— (X, Y) induces an isomorphism
iv: CR(XP Yb)y 5 CR(X, V).

Proof We first prove the assertion when g: X — R is a smooth map. For b > by, choose § > 0 and
a smooth function k: R — [0, 1] such that 2§ < b —bg and k(b") = 1 if b’ < by + § while x(b') =0 if
b’ > b —4§. Then we define a linear map
riCRX) = CRXP). [U.p. 0] [UP.glys. (kogog)-wlys).
where U? := (g 0 ¢)~1((—00, b)). This reduces to a map 7: CIR(X,Y) - CIR(X?, Y?). We claim that
7 is the inverse map of i.. Indeed, for any x = [U, ¢, w] € CIR(X), we have
x—ixor(x) =[U¢ 0]-[U ¢ (kogop) v]
= [Uo. 9|y, (1 = k) 0 g 09) - w|y,] € C{R(Y)  for Up := (g 09) ™" ((bo, 0)).
Similarly, we can show that x — 7 o i, (x) € CSR(Yb) for x € C,SR(Xb).

In the general case, there exists a decreasing sequence (g;);>1 of smooth maps g;: X — R such

that g;(x) — g(x) as j — oo for every x € X. For b > by, let X/l.’ = g/._l((—oo,b)) and Y/-b =

(gjly) "1 ((—o0,b)). From [15, Corollary 4.12(i)], lim, | CSR(X}’, YP) — CIR(Xx?, Y?), induced by

inclusion maps, is an isomorphism. We have shown that (i ys y»y)x: CR(xb, Yj.b) — CR(X,Y)is an
J0J

isomorphism for every j > 1, so ix is also an isomorphism. |

3 Differentiable space of paths and operations from string topology

Throughout this paper, Q is a manifold of dimension #, and K is a compact submanifold of Q of
codimension d > 1. In addition, both Q and K are required to have fixed orientations. The construction
of HY"™"® (Q, K) depends on the following auxiliary data:
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(a) a complete Riemannian metric g on Q (we write g(v, w) = (v, w)g and /g(v,v) = |v|g);
(b) aconstant Coy > 1;

(c) a positive real number ¢ for which the map
3) {(x.v) € (TK)T | olg <eo} = 0. (x,v) > exp(v),
is an open embedding;

(d) a C°° function wu: [0, %] — [0, 1] such that () =t near t = 0, u(t) = 1 near t = %, and
0 < /(1) <1forevery ¢ €0, %]

The independence of H ,:mng(Q, K) on these data up to isomorphism is proved in Section 4.5. Until then,
these data are fixed, so (v, w)g and |v| are denoted by (v, w) and |v|, respectively.

We define 6(K) to be the set of geodesics y: [0, T] — Q with unit speed such that y(0), y(T) € K and
Y'(0) € (Ty(0) K)+ and y/(T) € (Ty(T)K)J-. Such geodesics are called binormal chords of K. We also
define, for m € Z >,

P (K) 1= {Zlengthym ‘ Vi e s Vi ECG(K)}, P(K) = | Em(K).
k=1 m=1

These are closed subsets of {a € R | a > 2¢¢}, since K is compact. Moreover, they are null sets with
respect to Lebesgue measure. For the proof, see Lemma 3.10.

3.1 Differentiable space of paths

In this section, we introduce two differentiable spaces of paths, X4 and S;. Let Qg (Q) be the set of
C® paths y: [0, T] — Q with T > 0 such that y(0), y(T) € K and |y’(¢)| < Cy for any ¢ € [0, T]. For
any C*° path y: [0, T] — Q, we define

T
lengthy := / ly'(t)| dt.
0

For a € R>o U {oo} and m € Z>1, we define £% to be the subset of Qg (Q)*"™ which consists of
(Ve [0, Tl = Q)k=1.....m satisfying either of the following two conditions:

o Y7 lengthy; <a.
* min; <k <, length yi < &o.
The differentiable structure on X¢, is defined by
Psa :={(U,¢) |U €Uand ¢: U — X7, is smooth}.

Here we say ¢ is smooth in the following sense: if we write p(u) = (v : [0, T'] = Q)k=1,...m foru € U,
then, for each k € {1, ..., m}, the function U — R~¢, u T,;‘, is of class C* and

{, ) eUxRI0<t =Ty} > 0, u,0) /@),

is a C* map. As an exception, let us define Xf := {*} if a > 0 and 28 := O, together with the
differentiable structure Pyg := {U,9)|U€U, ¢:U — Xg}.

Algebraic € Geometric Topology, Volume 25 (2025)



962 Yukihiro Okamoto
We consider the de Rham chain complex (CIR(24,), d) for a € R>o and m € Zs¢. Lemma 2.7 implies
that we may think of CIR(24) as a linear subspace of CfR(Ef’n) when a < b, since

E%%R, VDi=1....m—lengthy, for k=1,...,m,

R™ >R, (ak)k=1,.,m > min ag,
o 1<k<m
are approximately smooth functions. Thus the quotient complex (CfR(Ef’n, %), 0) is defined.
Remark 3.1 When a < mey, the condition that Yy, length y; < a implies that one of y; for k =
1,...,m has length less than &¢. Thus, ¢, = 221 if a <meg. When a = oo, £ = Qg (Q)™™, which
will be used only in Section 6.
Next, we define another differentiable space of paths. For every ¢ € (0, g¢], the open subset in Q

Ng = {expx(v) |x e K,ve(TyK)*" and |v] < %s}

is a tubular neighborhood of K in Q. Then we define a set S; which consists of pairs of C* paths
(0i:10,&;] = Ng)i=1,2 satisfying:

e 0<g < %efori =1,2.
* 01(¢1),02(0) € K and 01(0) = 02(£2).
* |o/(t)] <1fori=1,2andany? €[0,¢].
On this set, the evaluation map evg is defined by
evo: Sg = Ne,  (01,02),— 01(0).
The differentiable structure on S¢ is defined by
Ps, :={(V,¥) |V €U, ¢ is a smooth map such that evg o /: V' — N is a submersion}.

Here we say ¥ is smooth in the following sense: if we write ¥ (v) = (0;”: [0, &/] — Ng)i=1,2 forv eV,
then, for i € {1, 2}, the function V' — R~¢, v+ &}, is of class C*® and

{(v.t) eVxR|0=<t <&/} —> N, (v.1)+—0;7(2).

is a C° map. Note that evg is a smooth map from (S¢, Pgs,) to (Ng, Pﬁf) = N; %, defined in Example 2.3.

3.2 Homology groups

In this section, we examine the homology groups HfR(an, ¥4 ) and HIR(S,). The main results are
Propositions 3.7 and 3.9. At the end, several additional results are proved.

3.2.1 Finite-dimensional approximation of X% Let us fix bg € R and prepare some notation related
to the Riemannian metric g. We note that there is a compact subset of Q which contains the images
of all paths y € Qg (Q) with length y < by, since K is compact and g is complete. For any two points
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q.q9' € 0,letd(q.q’) be the distance between ¢ and ¢’. Let us also fix &g > 0 such that, if ¢ and ¢’ in
this compact set satisfy d(q, q") < €, then there exists a unique geodesic path on [0, 1] of length d(q, ¢)
from ¢ to ¢’. We write this geodesic by ¢g’: [0, 1] = Q.

For every a € [0,bg) and m € Zx1, let ¢, be the subspace of X% which consists of (yg)r=1

.....

satisfying > ;' length yx < bg. From Proposition 2.12 about excision, the inclusion map ¢: 221 — 231
induces an isomorphism

(4) e HIR(S5, B0 — HIX (S5, 55
for a, b € [0, by) with a < b. This means that we cut out a subset

{(Vk)k=1,...,m n}cm length yx < €0 and Z length yy > bo%
1<
k=1

to compute the homology group.

First, we approximate f% for a € [0, bo) by finite-dimensional manifolds. For every v € Z>1, let us
define

3) SEW) ={(k: [0, Tkl > Qk=1,.m € =%, |  max Ty < Co_legv},
so that [ JO2, =4 (v) = =¢. Let us also define By, (v) to be a submanifold of (Q*+Dyxm which
consists of (qk)l =05uees o Satisfying:

o qk,qzeroreveryk=1,...,m

S Yo d(gh. qith) < bo.
. d(qk ql+1)<8g foreveryk=1,...,mand/ =0,...,v—1.

We then define B (v) for a < by to be the open submanifold of B, (v) which consists of (g k) =1

.....

satisfying either of the following two conditions:

Yo Xizodlag.q;h <a.
® minlsksm(Zl (l)d(qk ql+1)) < €.
The differentiable structures on this manifold is Pga (,,) defined in Example 2.3. For every v € Z>,
there are two maps: tx ,: 2% (v) — 24 (2v) is just the inclusion map, and (g ,,: B (v) — B%(2v) is an
embedding of a manifold which maps (qllc)§€=:0 """ " € B4(v)to (c},l(/)z L 2 o B2 (2v), where

o (],lC if I’ iseven and I’ =21,
“lalgl TN () if1isoddand I' =21 + 1.
In addition, we define two maps
fo:34(v) > BL(v), gv: BL(v) > T4(2v),
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as follows: f, maps (yx: [0, Tx] = Q)k=1,...m € 24 (v) to ()/k((l/v)Tk))i::O1 """""" ‘:n € By, (v). Note that
for/=0,...,v—1landk=1,...,m

! I+1 Tk
d (e (5 7e)- vie (5 Tk)) < length il csnmma < 5 sup 1Y (0)] < eg.
v t€[0,Tx]

On the other hand, g, maps (qk)l =0, m € Bn(v) to

()/k: [O, %Co_lsgv] — Q)k:1 m € ifn(Zv),

.....

where, for [ =0,...,v—1,

- CO
ye(t) = qlgi™ OX(— ‘-

%1) if 3Cylegl <t <3C5 " eg(l +1).
€g

Here )( [O ] [0, 1] is a C*° function such that y(¢) =0neart =0, y(t) = 5 neart = 4, x() =1 near

t=3,and0 < 7/(1) < 1fort [0, 3] Note that () (1)| <d (g} 45 *")- SUPretoy2 X' ()]-Coeg < Co.
The next lemma shows that By, (v) approximates X4 (v) as v — oo. See [15, Lemma 6.3].

Lemma 3.2 The following diagram commutes up to homotopy:

— LE,\) —
24 (v) —— 24 (2v)

]

LB,y
B& (v) —— B (2v)
Proof The lower right triangle commutes in the strict sense. For the upper left triangle, we need to show
that ¢y, is homotopic to gy o fy.

We abbreviate CO_1 -eg by co. For (yr:[0, Tx] = Q)k=1...m € 4 (v), let us define a path Yz 10, cov] = O
fork=1,...,mand s €]0, 1] by

ys(t)::{Vk((l/V)Tk)Vk(((l+S)/V)Tk)(t_col) if col <t =<co(l+s5), for [ —0. . I—1.
« Vi ((Tie/ (cov))(t —col)+ (1 /v) Tic) if co(l+s) =t =co(l+1), o

Then y,? is equal to y (Tx/(cov)-) and )/,i is a broken geodesic connecting ()/k((l / v)Tk))lzo . We
modify y; to a C* path. For instance, we take a C > function x: [0, 1] x [O, gc()v] [0, coV] satisfying
0<0dy(s,t)/dt <1 and

col on a neighborhood of {t = %col },

S, 1
xis. 1) = { (t - —co) on a neighborhood of {t =5+ %col + lCo}.

Then we define ¥} := y; o x(s,): [ cov] — Q. If we take a C*° function k: R — [0, 1] such that
k()=0ift <0and k(t) = 1if r > 1, then we get a smooth map

H:RxT40) = Z42v), 5 Wk=tm) = Tzt m.
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This gives a homotopy from H(0,-) to H(1,-). Moreover, tx, is homotopic to H (0, -) since the paths

of t2,u ((Vk)k=1,...,m) and those of H(0, (yk)k=1,...,
can be constructed by interpolating these parametrizations. For the same reason, g, o f,, is homotopic to

m) differ only by parametrizations, so the homotopy

H(1,-). Therefore, 5, is homotopic to gy o f,. |

From Lemma 3.2, it follows that, for any a,b € R>¢ with a < b < by,
lim (f)x: HX (S0, ) = lim HIX(E5,(27), T4, (27)) — lim HIX(B),(2), By (2)))
Jj—o00 Jj—o00 Jj—o00

is an isomorphism. Combining with (4), we get an isomorphism

©) (lim (fo)x) o ()" HR(EL, 54) — lim HR(BL(v), B ().
j—)oo V—>00

Furthermore, from Proposition 2.9, H,‘:ing(B,Z (v), B4 (v)) = HfR(B,l; (v), BA(v)).

3.2.2 Computation of homology by Morse theory Next, we examine the singular homology group
Himg(B,];(v), B7 (v)) in terms of Morse theory. Fix m € Z>1 and v € Z>;. For k € {1,...,m} and
[ €{0,...,v—1}, we set
1=o0,..., I
Mt Bu() = R, (g0 2y 77, = da. g™

For every r > 0, let us introduce

e a C® function 0,: R>9 = Rso, z = /2 473

e a C function

m v—1

Ly Bu() >R, g+ > Y orohl(q):

k=11=0
¢ compact subsets of By, (V)

Z,:={q eLr_l([O,bo])|0roh§€(q)§sg foreveryk=1,...,mand/ =0,...,v—1},

v—1
70 .= Z i R (q) < et
; {qe r 1§11c12m§ar° k(q)_eo}

The role of {0, },~¢ is to approximate /z by C* functions. We define, for every a € [0, bg) and r > 0,

Z%:=(Lrlz,) ' ([0,a)) U Z?.

Then Z¢ C Z¢ if 0 < 1’ < r. Furthermore, | J,. o Z; = By, (v). Therefore, we have an isomorphism
induced by the inclusion maps

lim Hy"(Z2. Z&) — H"(B5,(v), B&(v))

r—0
for a,b € R>o with a <b < by. In order to apply Morse theory to L,, we need to determine its critical
points. The next lemma is fundamental. We omit the proof, but a similar result is proved, for instance
in [17], when there is no boundary condition.
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Lemma 3.3 Forkge{l,...,m}and ly€{0,...,v—1}, let X,l;(’) be the gradient vector field of hioo Define
7l to be the orthogonal projection from TQ |k to TK if o = 0 or v, and otherwise rlo .= idrg. Then
each component of X lo k)ic 0,.. ’v is determined by the following: If (k,l) # (ko, lo), (ko,lo + 1),

.....

then vk =0. Otherw1se

lo _ lo(_4d lo lo+1) lo+1 _ 10+1( ) 40 zo+1)
Yko = ( dt li=o TkoTko  )> Vko di li=1 Teoko )
Proposition 3.4 Suppose that a € [0, o) \ m(K) and r > 0 is sufficiently small. Thenq € Z, \ Z?

is a critical point of L, with its value in [0, a] if and only if there exist y1,...,Ym € %(K) such that
(Vik=1,...m € 5 (v) and ¢ = [, ((Vi)k=1,....m)-

,L'

Proof From Lemma 3.3, ¢ = (q]lc)gC . € By, (v) is a critical point of L, if and only if the following

.....

conditions hold for every k € {1, . m}:

o @) d[) gl e Tkt and @) @) 4| gF gy e (T KOt
7 __
O O @) | gl = @) (@) | ahal™T forevery Te (1. v =1},

Comparing the norms of both sides in the second line of (7) we have, for [l € {1,...,v—1},

(0,) (i7" (q)) - VAT (@) = (o) (hk () - Vi ().

Since (07)(z)+/Z is a strictly increasing function of z, this equation means that d (qk ,qk) d (qk ql+1)
forl € {1,...,v—1}. Since (o)’ > 0, the conditions of (7) are equivalent to
d 01 1 d -1 L
(8) dt =0 kK © (qu(c) Ky~ and E‘t=l Gk € (T K™
d 11 _ d I I+1 _
dilo B = 7|,y ik forevery [ € {1,...,v—1}.

For every q € By, (v), let us define Ty 4 : =>- é d(qk ql+1) and a path yg 4 : [0, Ty 4] — Q determined
by
I+1 [ l
Vig(Tk qt) —qkq (vt=1) if - 5 <t<——forle{0,...,v—1}.
Note that, if (yx,g)k=1,...,m € 34 (v), then g = fv((Vk,q)k:l,...,m)- We take r > 0 so small that Ty 4 >0
foreveryk =1,...,mand g € Z, \ Z2. Then, for g € Z, \ Z?, condition (8) is equivalent to Yk,q being
a binormal chord of K in Q, that is, yi 4 € 6(K). In addition,

m
lim L, (q) = kzl length yx 4

for every q € Z, uniformly. Recall that &,,(K) is a closed subset of R~o. Assuming that a ¢ ¥£,,(K)
and r > 0 is sufficiently small, it follows that a critical point ¢ € Z, \ Z 9 of L, satisfies L,(q) <a if
and only if the binormal chords (yk ¢)k=1,....m satisfy Y k=1 length Yk,q <4a. |

Let Y; be the gradient vector field of L,. To prove the next lemma, which is rather technical, let us
prepare a few computations. X li .= ((or) o h;{) -X li is the gradient vector field of o, o hf{. For every
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ke{l,....m},le{l,...,v—2}and q € By,(v), we have

! _ N —10 _d I+1
(Yr,Xk)(q)—<(0r) (hy " (q)) dt‘: G 9k~ g7, quqk >

[ 2
‘ qkq,lc“ +(0r) (h () - ‘ gtqit!

N AT T AC A TR
We abbreviate the increasing function (07)'+/z by 1. Then, by the Cauchy—Schwarz inequality,
(Yr, Xi)@) = =t (h (@) - T (@) + 2(zr (h, @) — o (™ (@) - 7 (h (9)
= (20 @) — o (5 (@) — o (T (@)) - 7 (i (9))-

Since o, and 7, are increasing functions, we have, for kg € {1,...,m} and lp € {1,...,v =2},
J I}
) or ohkoo(q) = HI;?'IX oy o hi(q) = (-Y;, Xk‘(’)’r)(q) <0.
The same result holds when /o = 0 or v — 1. We also note that, for every k¢ € {1, ..., m},
v—1
(10) <—Yr, > X,io,,>(q) <0
I=1

Lemma 3.5 The trajectory of any point in Z, (resp. Z 9) along —Y; never goes outside Z, (resp. Z ? ) at

positive time.

Proof Suppose that I': [0, T] — B (v) is a trajectory along —Y,. Let us consider two continuous
functions f, g: [0, T] — R defined by

v—1
f(0):=maxor o h(T(1)).  8(0) = ngngar o (I (1))

To prove this lemma, it suffices to show that they are decreasing functions. Indeed, there exists a discrete
subset A C [0, T'] such that f and g are differentiable at every ¢ € [0, T'] \ A. Inequalities (9) and (10)
imply that /() <0 and g’'(t) <0 forevery ¢ € [0,T]\ A. Hence, f and g are decreasing on [0, T]. O

We apply a general result from Morse theory.

Lemma 3.6 Let B be a manifold and L: B — R be a C*° function. Fora,b € R witha < b and two
compact subsets Z, Z° C B, suppose that there is no critical point of L in (L|z)~'([a,b]) \ Z° and
that the trajectory of any point in Z (resp. Z°) along the negative gradient vector field of L never goes
outside Z (resp. Z°) at positive times. Let us define z4 = (L|1z) Y ((=00,a’)) U Z° fora’ € {a,b}.
Then Hy"8(Z?, Z9) = 0.

Proof The conditions on a, b, Z and Z° show that Z? can be deformed into Z¢ along the negative
gradient flow of L. Therefore, we get a map from (Z?, Z%) to (Z%, Z%) which gives the inverse map of
the inclusion map up to homotopy. O
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Combining the above results, we prove the first main proposition in this section.
Proposition 3.7 If £,,(K) N [a,b] = @, then HR (2?2, £2) = 0.

Proof From Proposition 3.4 and Lemma 3.5, we can apply Lemma 3.6 to show that, if £, (K)N[a, b] =@
and r > 0 is sufficiently small, then H ,‘:mg(Z f’ ,Z%) =0, and thus
H"(Bh,(v), B, (v)) = lim HY"(Z}.Z8) = 0.

r—>0

From (6), it follows that HIR(£2 %4y ~1im. _ HI"(BE(2/), B4(2/)) = 0. o

—>] —>00

3.2.3 HIR(S,) and the evaluation map Next, we examine HIR(S;) for & € (0, g9]. Choose a Rie-
mannian metric g’ on N, for which K is a totally geodesic submanifold of N,,. Then we can take a
constant Cy > 1 such that, for any ¢,q" € N,,,c, with d(q,q’) < g9/ Cy, there exists a unique shortest
geodesic in Ng, with respect to g’ from ¢ to ¢’ Let us write this geodesic by c}?j’ : [0, 1] = Ng,. In this
subsection, exp denotes the exponential map with respect to g.

There is a smooth map between differentiable spaces ss: Ng © — S which maps exp, v € N, for x € K
and v € (T K)+ with |v| < %8 to

Se(eXpy v) 1= (UiU: [0, %8] - NE)i:l,z’
where 07 (1) = exp,, (((8 — 21)/8)1}) and 07 (t) = exp, ((2t/e)v) for t € [O, %8] This satisfies evg o 5, =
idy,. For e, € (0, g9] with ¢ < ¢, letig z: S¢ — Sz denote the inclusion map.

Lemma 3.8 There exists a constant C > Cp such that, for any ¢ € (0,&9/C], the inclusion map
ig,ce: Se = Sce 1s homotopic to iz c s © ¢ 0 €Vy.

Proof We define a C°® map

€o -
G:1(q:9") € Negjcy, X Neoycy | d(q,9") < C_l} x[0,1] = Neo,  ((9.9),9) = qq'(s).
Then there is a constant C > C; such that

d(G(-,$))g.q) (V. V)|g < 3C(vlg +[0'g)

for every s € [0, 1] and (v,v) € Ty Ny, c X Ty Ngy/c With d(q.q") < g9/Cy. For any € € (0,0/C]
and (0;: [0, &;] = N¢)i=1,2 € Se, we set & := Ce and define (ai(s): [0, 8;?] — Nz)i=12 € Sz for s e R as
follows: Take x € K and v € Tx K such that 01(0) = exp,, v and |v| < %8. Then we define

(1—«k(s))ei +k(s)e ifs < %

g =148 if3<s<3
(1-x(s=3)itk(s=F)e  ifs=f
U,'(E,'[/é‘f) ifs < %’

ol.(s)(t) 1= 1G(0i(eit/8).0f(t/C) k(s —3)) if3<s=<3
ol (et/e}) if% =s.
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Here, k: R — [0, 1] is a C*° function such that k(s) = 0if s <0 and x(s) = 1 if s > % Note that, when

1 2
= << < £
3=5>3

& 1 g 1
(00l = 3¢ (L swplofls + F sl ) <30T+ &) <.
Now the homotopy from i g t0 iz 0 5¢ 0 €vg is given by the map

R x Sg — Sz: (5, (01)i=12) = (@, [0,&] > Na)i=1.2. O

Proposition 3.9 Let C be the constant of Lemma 3.8. For any € € (0,59/C] and x € HIR(S,),
(evo)«(x) =0¢€ HgR(Ns) = (ie,Cs)*(x) =0¢€ HSR(SCS)-

Proof By Lemma 3.8, (ig.ce)«(X) = (ie.ce 0 5e)x((€v0)«(x)) = 0 if (evo)«(x) = 0 € HIR(N;). |

3.2.4 Additional results Using the computations obtained in the former subsections, we prove several
additional results. As before, by is a fixed real number, and a € [0, bg), which may belong to £L(K).

Lemma 3.10 There exists a manifold Z and a C*® function f: Z — R such that £1(K) N[0,a) is
contained in the set of critical values of f.

Proof We use the notation in the proof of Proposition 3.4 for m = 1. For every critical point g € Z, \ Z?
of Ly, lengthyy 4 = f-(Lr(q)) € (0, fr(bo)), where f, is determined by f-(vo,(l)) = v+/1 for every
[ € R>g. We choose r > 0 so that a < f,(bg). Then, from the correspondence between binormal
chords and critical points of L, &£, (K) N[0, a) is contained in the critical value of f := f, o L, on
Z:=27Z\2°. i

This proves that £(K) = | y,_; $m(K) is a null set. Indeed, for any m € Z, £, (K) N[0, a) is contained
in the set of critical values of the C* function Z*™ — R, (x1,...,xmn) — f(x1)+ -+ f(xm). By
Sard’s theorem, it is a null set in R. Since bg was chosen arbitrarily, it follows that £, (K) is a null set.

Next, recall that the definition of X% depends on auxiliary data Cp and &g.
Lemma 3.11 HIR(Z%) does not depend on the choice of Cy and &g. More precisely, the following

hold:

e If we write X4, as E;’CO to clarify the dependence on Cy, the inclusion map ¢ . — ¥4 _ for

m,Co m,C{
, . .
Co =< C, induces an isomorphism on homology.

o If we write £7, as X7, . to clarify the dependence on &9, the inclusion map Efn’% — X fOr

/ . . .
&y < €o induces an isomorphism on homology.

.....

(10.CTi/Col = Q. 1 y&(Cot/C3)) ... -

This gives the inverse map of the inclusion map up to homotopy. This proves the assertion for Cyp.
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To prove the assertion for &, let us write Z by Z7, . Then there is no critical point of Z}’;(l) oy © hf{ in

\Z; , forevery k €{l,...,m}. By deforming along the negative gradient vector field —Z}:(l, X Ié ,

r ,€0
1nduct1ve1y onk=1,2,...,m, we can see that z , is a deformation retract of Z7, . This implies that
H"(Z4 0r 2o /) =0 and thus H{R(Z%, . 5 ,) = m]

For the sake of discussions in Section 6, let us fix a topology on the set X4, for a € R>o U {oo} as follows:
Qx (Q) becomes a topological space such that the injection

Qx(Q) » C%([0,1], Q) xRxo,  (7:[0,T] = Q) > (p(T~1), T),
is a homeomorphism onto its image when C ([0, 1], Q) is equipped with the C °°-topology. We give
Z% the restricted topology from Qg (Q)*™. Then we can consider singular homology groups, such as
H;" (b, %2) fora <b.
Suppose that a, b € Rx¢ and a < b < by. By the excision theorem, 1, : Hy"8(Zb  $4) — HI"(sb x4)
is an isomorphism. All maps in Lemma 3.2 are continuous and the diagram commutes up to continuous
homotopy. Therefore, we have an isomorphism

(11) (lim (fo))x)0 ()7 HY™(SE, 22) — lim HI"(BS,(27). BE(27)).
Jj—o00 j—o00

3.3 Splitting and concatenating paths

For ¢ € (0, £9/(5Cp)], we define an open subset of R2,
Ag :={(T,7)|T >4eand2e <t < T —2¢}.

This becomes a differentiable space as a subspace of (R?)™2. For a € Rsg, m € Z>1 and k € {1,...,m},

there are smooth maps

the: X, >R, ([0, T7] = Q)i=1,..m > Tr.prr: Ae— R, (T, 1) T.

(Here tl stands for the time length.) These maps define a fiber product X7, 4, Xpr,. Ae over R, and the kth
evaluation map evy, is defined on it by

evi: X i Xprp Ae = Q@ ((VDi=1,....m- (T, 7)) = v (7).
From evy and evg: S¢ — Q™2, we obtain a fiber product over Q. We define a map on this fiber product

. a a-+te
cong : (X7, tx Xpry Ae) evi Xevo Se = X050

which maps ((yl)l=1,...,m3 (T’ 1), (0i: [O’ ‘9i] _>N£)i=1,2) to(y1,..., Vk—1, y]i’ ?]37 Yk+1s---5 )’m)’ where

)7]’; fori = 1,2 are the paths _
Vi (1) if0<7=<t—ey,

Ve:l0.14+261]> 0. 1> {y(t—er+eip((t—t+e)/e1)) if t—er <t <t+3ey,
ol(gl—elu((r+281—t)/81)) iff+181§t§t+281,

(12)
02(e2/4(t/€2)) if0<t<3e,
)7]31[0,T—‘[+282]—>Q, t— yk(t+82—82M((382—t)/82)) if 282§t§382,
Vi (t+1—2¢3) if 3e5 <t <T—1+42¢5.
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Figure 1: The process to define ! and 7.

Here, p: [0, %] — [0, 1] is one of fixed data we have chosen in the beginning of Section 3.

This definition can be explained as follows (see Figure 1): We split the k™ path y;: [0,T] — Q at
T € (26, T —2¢), where yi(t) = 01(0) (= 02(¢2)) € Ne, and then concatenate yi|[o 7] (resp. Vk|[z,1])
with o7 (resp. 02). The reparametrizations via p are necessary in order to modify them to C° paths.
Note that

length 372 + length )7,% = length y; + length o, + length o, < length y + &.

The following lemma shows the cases where an element in the fiber product is mapped by cony, into 221 11
Lemma 3.12 For ((Vl)l=1,...,m, (T, 1), (Oi)i=l,2) € (Efn tlx Xpry Ag) evk Xevo Se, we have

cong (1)i=1,...m (T, 0). (01)i=12) € Ty 14
if one of the following three conditions holds:

(i) (YD)i=1,...m € Sy
(i) 7 <4e9/(5Cy) orT —4deo/(5Cy) <.
(ili) 1y satisfies, for every v’ € (yx)~1(Ng), that either Ykl[0,27] Or Yk [/, 7] has length less than gso.

Proof As in the definition of cong, let us write

cong (YD)i=1,...m+ (T.0), (01)i=12) = V1.« T Voo o Vm)-
Under condition (i), length y; < g¢ for some [ € {1,...,m}. If | # k, the assertion is trivial. If / = k,
either yk|[0,,] or Vi |[‘c,T] has length less than %80, and thus either )7,& or )7,3 has length less than
%80 + max{lengtho; | i = 1,2},

and this value is smaller than gy. Under condition (ii), if T < 4e9/(5Co) (resp. T —4eo/(5Cp) < 1), then
length yg |[0,7] < %80 (resp. length yi (¢, 7] < %80). Therefore, either )7% or )7,3 has length smaller than &.
The same result also holds under condition (iii). O

3.4 Operation on de Rham chains

For ¢ € (0, g9/(5Cp)], let us choose a C°® cutoff function pg: A, — [0, 1] such that

0 ifl<m80rT—m8<T,
pe(T.) =13 17 2 n,
1 lfTEE‘L'ST—?S.
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In particular, p.(7,7) = 0if T < 5¢. We also choose a C*° function y,: A; — [0, 1] for every v € Z>
such that y,(T,7) =1if T <v and y,(T,7) =0if T > v + 1. The support of y, p, is compact, so we
obtain a de Rham chain

ey i= [Ag,1d4,, Yvpe] € CSR(As)-

In addition, we define £%,(v) := (=, (tlg) "([0, v)), which is a subspace of %,.

FormeZs1,kef{l,...,m}and § € C;R(Sg), we define a linear map

fk,gi CfR(Efn) - C3§1+q—n (Efnfl)

such that, for x € CIR(Z4 (v)) C CR(4) with v € Z>1,

fk,&' (x) = (Conk)*((x tlx Xprp Ols,v) evi Xevo E)
This map is well defined since x q; Xpr,. (e, — e,p7) = 0 when x € C:}R(Z%(V)) and v/ > v.
Returning to Definition 2.8, we can describe the de Rham chain fj ¢(x) explicitly. For x = [U, ¢, 0] €

CSR(Efn), we write p(u) = (y;': [0, T/*] — Q)lzlﬁ:“m for u € U. If we take v > sup,eqppe Ty » then
x € CoR(24,(v)). First, we have x 1, Xpr, &ev = [Uk, @, @k, where

Uy :={u,7)eUxR|2e <1< Ty —2e},
G Ok = g0 Xprp A (1) = (9(), (T, 1)),
B € QXD), @) = (T 0 X (TH0) - 0y = pe(TE, 7) - 0.

Here, Uk is oriented as an open submanifold of U x R. The last equality holds since y, (7, t) = 1 for
u € supp w. This shows the independence of f ¢(x) on the choice of y,. For & = [V, ¥, 5] € CgR(Sg),
we write ¥ (v) = (0);=1,2 for v € V. Then f ¢(x) = (—=1)" [Wg, Ok, (], where

Wi i={(u,7,v) e U xR xV |2e <t < T =2¢, v/ (1) =0{(0)},
dp: Wy — E,“nfl, (u, 7, v) > cong (@(u), (T, ), ¥ (v)),
Gk € QW) (Ck) ey i= pe(T, T) - (0u X 1),
r:=(p+1-—n)n|.

(13)

Here W is oriented as a fiber product over Q of ﬁk — 0, (u, 1) > y{(r),and evoo yy: V — Q.

Lemma 3.13 For x € CJR(3%) and § € CJR(S,).
80 fieg(x) = fieg 0 00x) = (=1)PFI™" fi e (x) € Gy (3.
Proof Using the notation of (13) for x = [U, ¢, w] € CyR(£%,) and & = [V, ¢, 7] € CJR(S¢), we have

30 frg(X) = frg00(x) = (=PI fi 5e(x) = (—1)P 71 (cong ) s (X g Xpry (00te,)) evy Xev &)
= (_1)(p_n)|n|+1[ka CI)k? ek]’
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Figure 2: The case where (y;);=1,...,m intersects both (0;);=1,2 and (07);=1,2.

.....

where 0 € Q7 (Wy) is defined by (0k)y,zv) = 0pe(T}¥, 7)/07 - (wy X dT X 1y). From the condition
on pg, the support of @ lies in an open subset

Wi :={(u,t,v) € Wy | T <4deor T —4de <t}

Since (@(u), (T}, 1), ¥ (v)) € (X7, 1 Xpry Ae) evie Xevy Se for (u,7,v) € W satisfies condition (ii) of
Lemma 3.12, it follows that & (Wy) C 221. Therefore,

(Wi, @k, 0] = [We. Dy . Ol ] € Co yn(Zi). O

The next lemma is crucial to define chain complexes in Section 4.1. Before stating it, let us give an
observation. Suppose that we have

(YDi=1,...m € St (0i:[0,6]] > Ne)i=1,2, (0/:[0,€;] = Ng)i=1,2 € Ss,
k k' e{l,....m) with k <K/,

and there exist two points T € (2¢, Ty, —2¢) and ©’ € (2¢, T}» — 2¢) such that

V(1) =01(0),  yrr(x') = 07(0).

When k = k’, we additionally assume that T + 2¢ < t’. (Figure 2 describes the situation we consider.)
Then we can split y; at t = 7 and yg at t = 7/, and concatenate them with (0;);=1,2 and (07);=1,2,
respectively. Depending on which point we use first, there are two elements

®:= cong ((y)i=1,..m: (Tk. 7). (0i)i=1,2) € ZHLE,,

@' := cong (V1)i=1,...m: (T, T). (0))i=1,2) € ZoEE,.
In either case, there remains another point which we have not yet used. When k < k', we can split the
(k'+1)* path of ® at # =t/ and the k™ path of ® at ¢ = 7, and concatenate them with (67);—1,> and
(01)i=1,2, respectively. When k = k’, we can split the (k+1)* path of ® at t = v/ — t + 2¢; and the k™
path of @' at ¢ = 7, and concatenate them with (Gl-/ )i=1,2 and (0;);=1,2, respectively. After these two
steps, we get the equations
cong/ 41 (P, (T, '), (07)i=1,2) = cong (¥, (T, 1), (07)i=1,2) ifk <k',

(14 ~ ~ .
) cong 1 (P, (T2, 7' — 7 +2¢2). (0))i=1,2) = com (', (T}}. 7). (03)i=12) ifk =k
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Here, Tkz =Ty — 7+ 2 and Tkl =1+ 28’1. This observation leads us to the following lemma about
de Rham chains.

Lemma 3.14 For x € C;R(Zz,), £ € quR(Sg) and k, k' € {1,...,m} with k <k’, the following hold:

Sos1,60 freg(xX) +(=DI7" frgo frre(x) =0 if k <k,
Jirr1g0 fig@) + (DT frgo frg(X) € CoR s hy 50 (Shiy) ifk=K.

Proof We use the notation of (13) for x = [U, ¢, w] and & = [V, ¥, n]. For short, let us abbreviate for
(T,7.T',7") € Ag x A,
o(T, T, T, 7)) := pe(T, 1) - pe(T', 7).
Case 1 We consider the case k < k’. We have fi/41¢0 fie(x) = (=1)°[Wi k. Pi i, Sk k] for
Wi ==L, 10,7, 0") | (u,1,v) € Wi, 2e <t/ < T} —2¢, yi, (7)) = a? (0)},
Dy Wiepr = SEE2 . (w7, 0,7/, 0") > congr gy (P (u, 7, 0), (T, 7). Y (V).
S € W)y Cri) e,y = (T T T, T) - (@u X 1y X ),
s:=(q+1—n)nl,

by substituting k and [U, ¢, w] in (13) with k” and [Wj, @, (—1)" k]

Similarly, f o fi/(x) = (—l)s[W,é,k,, ®;c,k/’ §]’€,k,] for
Wk’,k/ ={u, v, T v) | (u, T V) € Wi, 26 <t < T} =26, ) (r) = 0{(0)},
Spxr Wi — Zf;fzs, (u,',v", 7,v) > cong (Pps (u, T/, 0'), (T, 7). ¥ (v)),
Cerr €W 1)y G e wrewy = PTG T T ©) - (@u X 0y X ).
We define a diffeomorphism
h: Wy g — Wkl,k/’ (u,t,v, 7,0 (u, 'V, 7, v),

which changes the sign of orientation by (—1)(+dmV=m? From (14), it follows that @) oh =Dy .

Moreover, h«(Sk k) = (—1)""2{ ]’c - Combining these computations,
Sera1,60 fig(x) = (=1)FTAFamV=ntinDiyy @ o g = (DT figo fiorg ().
Case 2 We consider the case k = k. We have fr1q0 fi(x) = (=1)[Wk k. Pk Sk k] for
Wik ={u,t, 0,7, 0") | (u,7r,v) € W, 2e <7’ < Tkz(u, T,0) =26, YR (' +1—265) = oﬁ’/(O)},
Op i Wk — Efn':_z;, (u, 7,0, 7',0") > cong 41 (Pk (u, 7, V), (sz(u 7, v), 7). ¥ (v")),
Gk € QWi Cedd vy = p(TE T TR, T,0), T) - (@4 X 0y X ),

where Tkz(u, T,v) =T} — 1+ 2¢;.
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Similarly, f g0 fie(x) = (—I)S[W,é,k, q);c,k’ Z;{k] for
Wlé,k ={u, TV, )| (u, T’ V) eWg, 2e<T < Tkl(r/, V') —2¢, v (r) =07 (0)},
D) W — BAt2E . (u, 7, T v) e comg (O (u, T V) (T V). 1), ¥ (V).
Chi € Wei): G wewy =TT TEE V). 1) - (04 X Nor X 1),

where T;kl(r/, V)=t + 28‘1’/_.Since o(Ty, T, Tkz(u, 7,v),7')=0for 7/ < 1—308, we have friq10 fr(x) =
(=D [Wi ke Pr k- Sk k] Tor W g := Wi g N {z" > e}

This time, we define a map
h:Wege =W, ro,7,0)- Wt +1-265,v,1,0),
k.k k.k 2

which is an open embedding and changes the sign of the orientation by (—1)d+dmV=m2 Erom (14), it
follows that @) , oh = @y ;. Indeed, if we set 7}, := ' + 7 —2¢&}, then

CID;C’k oh(u,t,v,7,v") = cong (@k(u, .. v), (Tk1 (z.,v"). 1), 1/f(v))
= conjer1 (Pg . 7. v). (L0, 7. v). T4 — 7 4 263). Y (v)
= Oy p(u, 7,0, 7', 0")

for every (u, 7, v, v/, v') € W k. Therefore,
_ 2
(DT fir g0 frg () — fiog © fig(0) = (D W o @ e (D R ) — £ )
For (u,t/,v',1,v) € W]ék,
2
(=D R v, 20) — G a0 2,0
= (p(T{. 7. Tkz(u, T,v), T — 1 +2e5) —p(TY, 7, Tkl (T, V'), 7)) - (0 X oy X ).

If e <o/ <T¥¢—eand Le <1 < TH(¢'.v') — Lo, it can be checked that e < v/ — 7 + 26} <

Tkz(u, T,V) — 1—318 and 1—31 <1< T]l‘ — %8 hold, and thus
p(TY <, Tkz(u, T,0), T —t+2e5) =1=p(TY¥, 7, Tkl(r’, v'), 7).
Therefore, supp((—l)l”lzh*(gk,k) — & ) lies in Wklk U szk’ where

W=, v v, v)e W, | v <deor T —4e <7},

W2, = {u, v v, t,v)e W, |t <4deor Tkl(r',v/)—48 <t}

From Lemma 3.12, @y (u, /, v") = cong (¢p(u), (T*, ), ¥ (v')) € E?n+1 for all (u,7/,v',7,v) € Wklk.
Then Lemma 3.12 is applied again to show that

QD;C’k (u, 7', v, 7, v) = cong (Pk (u, 7', V'), (Tkl (7', v), 1), ¥ (v))
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is an element of 221 12 for every (u,t’,v’,t,v) € Wk1 Y sz k Indeed, we can apply case (i) of
Lemma 3.12 for (u,t/,v’,7,v) € Wklk’ and case (ii) for (u,7’,v’,7,v) € szk' As a consequence,

(DT frgre0 fig(x) = frgo frg(x)
1 2 2 dR 0
= Wik YWk q’fc,k|w,j_kuw,§k’ (D" (G ) — é—l/c,k)|Wk1'kUWk2.k] €Criotrg-—an(Emin). O
In the definition of fi ¢ for & € C;R(Sg), there is an ambiguity about the choice of p.: A, — [0, 1].
Suppose that we choose another p), and define aé,v and fk’ £ in the same way as a,, and fi ¢. Take

an arbitrary chain x € CI‘}R(an). Since supp(p, — pe) lies in {(T,7) € Ag | T <4deor T —4e < 1},
Xt Xpry (Qe,p — @ ,,) is a chain in the subspace

{((V)k=1,..m (T, 7)) € Xy, 11 Xpry Ae | T <4deor T —4de < }.
From Lemma 3.12, we have
fkaé(x) - fkl,s(x) = (Conk)*((x g Xpry (Qg,y — Ol;’v)) evg Xevo E) € C;$1+q—n(221+1)-
Therefore, for a € R, the induced map on the quotient spaces, which is denoted by the same symbol
Jrg: CfR(Efn» E?n) - Cglj-l—}—q—n(zzj-_i-sl’ 2:21+1)»
is independent of the choice of p,. For this map, the equation
(15) 90 fig = fiegod = (D" fieae: G (50 Tp) = Cpfaggon (S0t Tinit)
follows from Lemma 3.13, and the equation for k' > k,
(16)  firgrgo fiog+ (DT figo firg = 0: CR(ZE,59) = CR,y o yan(SEHE S0, 1),
follows from Lemma 3.14. When 9§ = 0, (15) implies that fi ¢ is a chain map shifting the degree by
1+q—n.
3.5 [-1,1]- and [-1, 1]>-modeled de Rham chains

In this section, we introduce two types of variants of de Rham chains. In this paper, they are necessary for
only four kinds of differentiable spaces: X%, X9 x ¥4, S, and (M, Pyr) for a manifold M. Throughout

m/’
this section, X stands for one of these differentiable spaces.

3.5.1 [—1,1]-modeled de Rham chains We introduce chains in R x X. We define Py as the set of
tuples (U, ¢, (4, 7—)) such that:

e (U,p) € Prrexcx. If X = §,, we additionally require that (idg x evg)op: U — R x Q is a
submersion. Let us write ¢ = (¢pr, ¢x): U - R x X and Uy := w]il(l) for any subset / C R.

e 74:Ur., > Ry xUgyand 1—: Ur__;, — R<—1 x U(_y, are diffeomorphisms such that
-1 . -1 .
poty =iR., X@x|uy,, @01l =ir__, X¢x|U,_,,-
Here, ir., (resp. ig__,) is the inclusion map from R>; (resp. R<_1) to R.
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Remark 3.15 When X = S, the condition that (U, ¢) € Prrexs, implies only that the composition of
(idr x evg) op: U — R x Q with pry (resp. pry) is a submersion to R (resp. Q). The condition that
(idr X evg) o ¢ itself is a submersion is necessary to define a fiber product of [—1, 1]-modeled de Rham
chains in the latter subsection.

For (U, ¢, (t4+,7-)) € Px, we define a linear subspace QZ (U, ¢, (4, 7)) of QP(U) which consists of
p-forms @ on U such that supp @ NU|_; 1] is compact, (r_:l)*a) = Ixoly,,, and H*e=1 Xo|y,_,-
We consider the graded R-vector space

Lx)= P QT (o).
(U,9,(t4,1-))€Px

For U = (U, ¢, (14,7-)) € Px and w € QE (U, ¢, (t4, 1)), let (U, ¢, (t4, 7_), w) denote the element
of A,(X) whose component for V € Py is

w ifV=U,
(U0, (1. 7). @)y ={

0 ifV#U.
We take the linear subspace Z «(X) of A4(X) generated by vectors
(V.pon. (04.0-), @) — (U. g, (14, 7-). m)
for any submersion 7: V' — U such that
(dr., X 7|y, )00+ =14 0m, (dr__, x7|y,_;,) 00— =1_0T.
We define the quotient vector space
CR(X) = Ax(X)/ Z+(X),

whose elements we call [—1, 1]-modeled de Rham chains. U, ¢, (14, ), w] denotes the equivalence
class of (U, ¢, (t4,7_), w). We define a degree —1 linear map d: CIR(X) — (_?fEl (X) by

0U.¢. (r. 7). 0] := (=DM [U. 9. (1. 7). do].
Obviously d 0 d = 0, and we obtain a chain complex (C{R(X), 9). Its homology is denoted by HIR(X).
Naturally, there are three chain maps
(17 T CRX) — GRX). Vg o] (DR x Viidg x ¥, (idR.. v iR xv). I x @],

and
(18) e+:ESR(X)_)C£R(X)7 [U’¢7(T+’T—)’w]'_)(_l)dimU_l[U{l}’¢X|U{1}?w|U{1}]’
e CRX) = CRX). [U.g. (4, t) 0] > (DT U1y ox v,y 0l )-

Here, Uy and Uy_y, are oriented so that 74 and 7— preserve orientations. Clearly, e ol = e_oi =
idcﬂR(X)- Forioey and 7 oe_, the next result holds.
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Lemma 3.16 1oey and i oe_ are chain homotopic to the identity map idgar (xy-

Proof This assertion is essentially proved in [16, Lemma 4.8]. We should note that the result in the
reference is proved for a specific differentiable space %, +1(a) (a differentiable space of marked Moore
loops in a manifold). However, even for a differentiable space X considered in this section, we can extend

the definition of a chain

K([U.¢. (t+,12),0]) :== (DR x U, 6, (74, 7-), @] € Ci§ (X)
for any [U, ¢, (74, 7—), w] € CIR(X), which appears in the proof of [16, Lemma 4.8]. Then K : CIR(X) —
5}3&1 (X) gives a chain homotopy from idger (x)toroey. The proof for 7 o e_ is completely parallel. O
3.5.2 [-1,1]>-modeled de Rham chains Let us define the smooth map

(R x X — RH®EX X, ((r1.r2),x) — ((r2,71), x).

We often use the coordinate (rq, rp) of R2 to denote its subsets, for instance R xR ={r >1}.
We introduce chains in R? x X. We define Py as the set of tuples (U, ¢, (rj{, o), (ri, 72)) such that:

* (U,9) € PRrayeexx- If X =S, we additionally require that (idg2 xevg)og: U — R2 x Q is a sub-
mersion. Let us write ¢ = ((q)ﬂl{, (p]lzg), ex):U —->R?xX andUp:={ucU | ((pﬂlg(u), <pf&(u)) e D}
for any subset D C R2.

J r_{ and 7/ for j = 1,2 are diffeomorphisms such that

1y—1 : 2 1\—1 : 2
po(ry) =ir., X (P X¢x)|U,, =y, ©o (D) =ir__; X (@r X X) Uy =1y

2N\—1 . 1 2\—1 . 1
LOgDO(‘C+) = IR, X(QORXQDXNU{Q:I}, LO‘PO(T—) =IR__; X((pRX(pX)lU{r2:_1}'

For (U, ¢, (‘L’_}_, th), (ri, 2)) € Px, we define the linear subspace QZ (U, ¢, (ti, ), (f}r, 72)) of QP (U)
which consists of p-forms w on U such that supp @ N U[_1,1]x[-1,1] IS compact and

f\—1 iN—1 .
(D H'e=1 xa)|U{rj:”, (D) H'ew=1 Xw|U{rj=—1} for j =1,2.
We consider the graded R-vector space
Au(X) = D QMU (U g, (). 7)), (1. 1)),
(U.p.(th 7)) (3 ,r2))ePy
For U = (U, ¢, (tj_, th), (Ti, 12)) € Py and w € QE (U, o, (T_}_a ), (r3_7 2)), let
(U’ (p’ (T—:}-7 ‘El)’ (T—%-’ ‘CE)’ a))

denote the element of A (X) whose component for V' € ﬁX is

o ifV=U,

1 1 2 2
(U’(p’(‘[-}-ar—)’(r—{-’r—)va))‘/ = 0 lfV ?é U
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We take the linear subspace Zs (X) of A (X) generated by vectors
(V.pom. (0}.01).(03.02).0)— (U.g. (). 7). (x.12). mw)

for any submersion 7: V' — U such that, for j = 1,2,

(idr., x 7|y, _,,) ool =1lom (idr__, X Ty, )00l =tlom.

Now we define the quotient vector space
CR(X) 1= Au(X) ) Z+(X),
whose elements we call [—1, ]]Z-modeled de Rham chains. [U, @, (ri, th), (f}r, tz),w] denotes the
equivalence class of (U, ¢, (t},7l), (t2,72),w). We define a degree —1 linear map 9: CR(X) -
CR (X) by
MU, ¢, (z1, 1), (22, 2), 0] := (=)l U, ¢, (c1, 1), (+2, 12), do).
Obviously d o d = 0, and we obtain a chain complex (6;}R(X ), ). Tts homology is denoted by H R(X).
Naturally, there are six chain maps
(19) i1,i2: CR(X) — CR(X), el e? el e?: CR(X) - CR(X),
defined as follows: 7! and i% map x = [V, ¥, (14, 7-), 0] € CIR(X) to
iy = (DI TR x Viidg x ¥, (idr <y, idR__ ). (B4, 7-), 1 X @],
2x = (=D [R x V.10 (idg x V), (T4, 7-). (idr_, xv. idr__, x). | X @],
where T4 : R X VR, = R>1 X (R x Viyy) and T-: R x VR __; — R<—1 x (R x V{_y;) are determined by
(' i (rouy)) = (r, (F uy))  for ’ €R and (r,u4) € Ry x Vi,
(', eZ N rus)) = (r, (7' u=)) for ' €R and (r,u—) € Ry x Vi_y;.
In addition, ei and e/ for j =1,2map y =[U, ¢, (r_}_, ), (ri, 2), 0] € éfR(X) to
ely = (=D"YUnr. 0F. 0|01 - (TilU{l}szl : TElUmeS_l)’MU{an]»
ety = (1)U Upyiry, (k. 0x)|Ugriy, - (fiIUREIX“}’ TllURS,lx{,}),wlURxm],
ely = (D)"Y U nxr. @R 0OIU s GO, P20 e @10 1)

2., dimU—1 1 1 1
e_y = (—1) m [URX{—I}a (‘pRv QDX)lURX{_l}’ (T+|U]R21><{—l}’ t—|U]R§71><{_1})s a)lURX{_l}]‘

Here, the orientations of Up for D = {r; = 1}, {r; = —1} for j = 1, 2 are determined so that r_{_ and 7/
preserve orientations. The signs are chosen so that

(20) e+oe3r:e+oei, e_oe}r:e+oe3, e+oel=e_oe_2|r, e_oel =e_oe?,

Clearly, e{r oi/ =el ot/ = idggr (xy for j =1,2. For i/ oe{L and 7/ oe/ for j = 1,2, the next result
holds.
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Lemma 3.17 7/ o ei and i/ oe/ for j = 1,2 are chain homotopic to id@dR(X).

Proof We omit the detailed proof and refer to Lemma 3.16. For any x = [U, ¢, (r}r, ), (ri, 2),w] €
éfR(X ), let us define diffeomorphisms, for j = 1,2,
?_{: RxUg;>13 > Rx1 X (R x Ugp, =13), 7/ R x Upj<—13 > Rt xR x Ugp, =—13)
such that ()~ (r;, (r,u)) = (, (x]) ™ (rj,u)) and (F))~(r;, (r,u)) = (r, (x2) "1 (r}, u)). Referring
to the proof of [16, Lemma 4.8], we can find (Z)-/, fi and @/ for j =1,2 to define
K'(x):= (DR x U, ¢!, (7L, 7)), (72,72), @],
K2(x):= (-DITIR x U, ¢%, (7L, 7)), (2, 72), @2
such that K/ : aﬂR(X) — (,A’fﬁl(X) is a chain homotopy from idé:gR(X) to 7/ o ei for j =1,2. The

proof for 7/ o e/ is completely parallel. a

3.5.3 Collection of analogies with ordinary de Rham chains As above, X and Y are chosen from the
differentiable spaces X4, X% x ¥, s and (M, Par) for a manifold M. Let f: X — Y be a smooth

map. If ¥ = S;, we require that X m:’ Se and evg o f =evg. Then f induces chain maps

Je: CRX) — CER(). [U.¢. (t4. 1) 0] [U. f op. (t4.7-). 0],

i CR(X) = CR(Y), [U,g,(zL.ch), (12, 12), 0] [U, fop, (z}, 7)), (:2,72), 0].
If X = 3% and Y = 22, fora < b and f is the inclusion map, then we claim that the above maps are
injective. This can be proved in the same way as Lemma 2.7, so we omit the proof. As a consequence,
we can define CIR(Eb 59 ) and CIR (XL, 59 as quotient complexes.

Next, let (X,Y) = (24, Z%,) or ({0}, S¢). We identify {0} x S¢ with Sg. Then a cross product x X y €
Co% (X xY) is defined for x = [U, ¢, (t4, 7-), w] € Cg¥(X) and y = [V, ¥, (04, 0-), 7] € C{R(Y) by
xxy = (=DP"W, G, (FL.72), 0 x 7).

Here, W := U 4y Xy V is a fiber product over R and ¢, 7 and 7_ are determined by
P:W—>Rx(XxY), (u,v) (grW), px W), ¥y (v)),
T, v) = (r.(ug.vy))  for (u,v) = (1) (roup). (64) 7 (r.vy)) € Wry,.
T_(u,v) = (r, (u—,v-)) for (u,v) = ((r=)"'(r,u), (0=) "' (r,v-)) € Wr__,.

Similarly, a cross product x X y € Qﬁq (X xY) is defined for x =[U, ¢, (t_}_, ), (ri, 12),w] € (,A’I‘}R(X)

and y = [V, ¥, (01.01),(62,02),1] € C;R(Y) by
xxy:=(=DP"w, g, (71,7, 32, 72), 0 x 7).

Here W .= U((pn]{ o)Xk w2) V is a fiber product over RZ and §, 'fi and 7/ for j =1, 2 are determined by

‘ W >R (X xTY),  (u,v) > (pr(W), ¢x (1), Yy (v)),
:E-j|-(u’ U) = (I’, (M+, U+)) for (M, U) = ((Ti)—l(’,, M+), (O-{-)_l(r’ U+)) € I/V{rj=l}’
T (w.v)=(r,(u—,v)) for (u,v) = ()" (r,us), (6/)~'(r,v-)) € Wy =1
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The next result is analogous to Propositions 3.7 and 3.9. It follows immediately from the fact that
(e+)s: HR(X) — HIR(X) is an isomorphism (see Lemma 3.16).

Proposition 3.18 Let a,b € R~g witha < b and ¢ € (0, g9/ C] for the constant C of Lemma 3.8. Then
the following hold:

o If $(K)N[a,b] = @, then HR(XL x2) =0.
o Forany x € HIR(S,),

(eVo)x 0 (e4)x(x) =0 € HR(Ne) => (ie,ce)x(x) = 0 € H{¥(Sce).

3.5.4 Operations on [—1, 1]- and [—1, 1]?-modeled de Rham chains 1In the rest of this section, let
us define operators corresponding to fi ¢. We prefer to refer to the explicit description (13) of fi ¢(x)
rather than its original definition using fiber products of chains. Let ¢ € (0, e9/(5Cy)] and pg: Ac — [0, 1]
be the C*° function we have chosen in the beginning of Section 3.4

Fork=1,...,mand £ € E;R(Sg), we define a linear map
Jeg CGRER) = CR g (E050)
as follows: Let
X = [U’ v, (T+? ‘L'_), a)] € ESR(EZ’)’ g = [V’ W, (U+’ O——)’ 7’]] € C;R(S€)9

and
o) = (pr (), ez () = (pr W), (¥ : [0, T}*] = OQ)i=1,..m) ER X T},

Y (v) = (Yr@), ¥s©) = (Yr (V). (07)i=1,2) ER X S,
for every u € U and v € V. Then we define f_k,é(x) = (=D [Wg, O, (T, 7-), {], where
Wi :={(u,t,v) eUXxRxV |26 <t < Ty —=2¢, (pr(u), v (r)) = (Yr (1), 07 (0))},
Op: W > Rx 2EE8 0 (u,7,v) > (pr (1), cong (px (u), (T, 1), ¥s (v))),
Gk € QEWe) Gk = pe(T' . T) - (@u X 1),
si=(p+1-n)n+n+1,

1)

and
T, T, v)i=(r,(ug,7,v4)) € Rx W) =1y

for (u,7,v) = (‘[;1(7‘, Uy, T, a;l(r, v+)) € (Wr) =13, and
T—(u,7,v) = (r,(u-,7,v-)) e RX (Wg)(r=—13

for (u,7,v) = (t=Y(r,u_), r,0-(r,v_)) € (Wk){r<—1y- Here, Wy is oriented as a fiber product over
R x Q of the map

{u, 1) eUxR |26 <t <TY =2} >RxQ, (u,7v) > (gru), y; (1)),
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and the submersion (idg X evg) o ¥: VV — R x Q. It can be checked that 7 and ey, e— intertwine this
operator and fy ¢ for & € C;R(Sg). Namely,
10 fieg = fragol, eqo f_k,é = Jrep g0+ €-° fk,é = frei0C—
Similar results as for fi ¢ are the following: fk g induces a linear map
f_k,éz CSR(E%’ 221) - aS-RH—i-q—n(Eami_l-el’ E?n—H)’
which is independent of p.. The next equations are variants of (15) and (16), and they follow from similar
computations as Lemmas 3.13 and 3.14, so we omit the proof.

Proposition 3.19 Fork’ > k,
9o frz—frzod=(=DPT" fi et CoR (S0 Z0) = Col i 4 gon (S Sonsn)s
SovrE0fei T (=D fegolwg=0: 5§R(Efn, o) — Cﬁiznq—zﬂ(ﬁfnff’ 29n+2)'

Next, fork =1,...,m and ge égR(SS), we define a linear map

feg CRE0) = Ry (5050
as follows: Let
x=[U, e, (r41_, th, (ri.rz),a)] € (A?;R(E;), §= [V, v, (0_}_,01), (03_,03), n e é;R(Ss),
and
o) = (pr2(u), ps () = ((pg ), 9 ), (v{': [0, T}*] = Q)1=1,...m) € R* x T,

¥ (v) = (Yr2(v), ¥s(v)) = (YR (), Y (v)), (6 )i=1,2) € R? x S¢
for every u € U and v € V. Then we define fk,g(x) = (=15 [Wy, O, (%1, 71, (%'er, 72), &k ], where

Wi i={(u,t,v) e UXxRxV |2 <1 < T =26, (pr2(u), y§ (1)) = (Yr2(u), 07 (0))},

Op: Wi > RZ2x 208, (u,7,0) > (pra (), cong (9 (), (T, 1), Y5 (v))),
Ge € QEWi), (G ) = pe(T' . T) - (@u X 1),

s:=(p+1-—n)nl,
and, for j =1, 2,

'f_{(u, 7,v) 1= (1}, (ui_, T, vi)) €Rx1 x W), =13
for (u, 7,v) = (1) 7' (rj, wh), 7, (0/) ! (rj, v})) € Wi)gr, =1y and
(. t.v) = (7. (o v))) € Remy x W)y ——1y

for (u, 7,v) = ((z)7! (rj, ul), z, (o)1 (ry, vl))e (W) (r; <—13- Here, Wy is oriented as a fiber product
over R? x Q of the map

{u, 1) eUxR |26 <7< T —2e} > R*x Q: (u, 1) = (pr2(u), v} (7))

and the submersion (idg2 X evg) oy : V — R2 x Q. It can be checked that i/ and ei and e/ for j =1,2
intertwine this operator and f_k i for £ € G;R(Sg).
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Similar results as for fi ¢ are the following: fAk £ induces a linear map
Ad 0 0
fkg c R(Ea ) C*+1+q n(zfn—:-el’ Zmt1)s
which is independent of p.. The next equations are variants of (15) and (16), and they follow from similar
computations as Lemmas 3.13 and 3.14, so we omit the proof.
Proposition 3.20 Fork’ >k,
; ; 1-n 7 . Ad 0 Ad 0
00 frg—Jrgod= (=DPT a8 C R(Ea Em) = Gy g (S5 S,
Ad 2
e s°fk g (=D "fr P °fk/ £ =0:CR(E0. Z0) = Colaiagan(E0S  Siia)-

4 Construction of H:"™(0, K)

4.1 Definition of chain complex

Fora € R~ and ¢ € (0,&0/(5C0)], we define the graded R-vector space
Cle) = GB Cl =) (S Ep)-

If m >2a/ep, then a +me < m( g0+ 8) < meyp. In this case, E“"’mg EO by Remark 3.1. Therefore,

the component for m € Z>¢ vanishes if m > 2a/¢y.

For each m € Z>, we think of Cﬁm( d_z)(Efn‘H”e , 29 as a linear subspace of C,~%(¢) in a natural
way. For § € C;E 4(Se), we define a degree —1 linear map

Ds: CJ%e) > €% (o)

such that, for x € C (xatme 530,

—m(d—2)

Dg(x) =0x + Y_(=D)PTIHR i s(x) € C4 (o).
k=1

When m = 0, the right-hand side is just equal to dx.
Proposition 4.1 If § € C;Ed (S¢) satisties 96 = 0, then Dgo Dg = 0.

Proof Take an arbitrary x € C R (= 2)(2%”"8, 39). Since 409 =0

DgoDg(x) =Y ((=D)P"* g0 fi 5(x) + (=1)PT* fi 50 0(x))

k=1 m+1 m

+ )Y (D EHRL ) so fis(x).

k'=1k=1
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Applying (15) for ¢ =n —d and § = § for which 96 = 0, we can see that the first summand is equal to 0.
For the second summand, we apply (16) forg =n —d and £ = §. Then

m+1 m

3 S )ERIT g o fs(x)

k’'=1k=1 ’ _ Nd —
= Y (DEFEDE g s s () + (DEFITL L o fio s (X))
1<k<k/<m
=0.
This shows that Dg o Dg(x) = 0. |

In summary, fora € R~g, e € (0,&0/(5Co)] and § € Cde (S¢) with 9§ =0, a chain complex (C=%(¢), Dg)
is defined. Let H%(e,§) denote its homology.

The chain complex (C~4(¢), Ds) is filtered by subcomplexes {F; %} ez defined by

(22) @<a. @ CdEm(d 2)(2a+me EO)

m>—p

Let Eéas) = ({(E(s 8))p q) {(d(g 8))p,q}) be the spectral sequence determined by {9?<“ }pez.- Note that
@;;’, =0 for p < —2a/gp and F;4 ep = = F_¢ for p > 0, and thus this spectral sequence converges to
HZ%(e,§) in the sense of [21, Bounded Convergence 5.2.5]. The first page is given by
+ 0y — R + 0y
(EG5)L Hig my-m(a—2 (Zm™* Zn) = Ho% g (4 2 i m 20,
e8))=ma = | if m < 0.
Let us state an abstract lemma about morphisms in the category of spectral sequences. This result, which

is a refinement of [21, Comparison Theorem 5.2.12], will be repeatedly used in the rest of this paper.

Lemmad.2 LetE = ({E, ,},{d} ,}) and E' = ({E .}, {d,,}) be bounded spectral sequences which
converge to Hy and Hy, respectively, in the sense of [21, Bounded Convergence 5.2.5]. Let f = {f; .}
be a morphism from E to E’' which is compatible with {h, : H, — H, },cz. Then the following assertion
holds:

e Suppose that, for some rg > 1 and ngy € Z, fp':‘)q is an isomorphism if p + q < ng, and a surjection if
p +q = ng. Then hy, is an isomorphism if n < ng and a surjection if n = ng. In particular, iffpr,oq
is an isomorphism for every p, q € Z for some ro > 1, then hy, is an isomorphism for every n € Z.

Proof Suppose that {f, ,} satisfy the condition of the assertion for ro > 1 and ng € Z. Note that, for
any r > 1 and p,q € Z,

fod Eptl = Kerd) ,/Imd) — EJ > Kerd) /Imd), . .,

p+rg—r+1
is induced by { f ,}p,q- Therefore, by inductive arguments about { f, ,} onr =ro,ro +1,..., we can
prove that />0 EJS, — E;”Z is an isomorphism if p 4+ g < ng, and a surjection if p + g = no. We omit
the concluding argument about %, since it is parallel to [21, Comparison Theorem 5.2.12]. O
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For &, € (0, £0/(5Co)] with & <&, let j z: 29 Me — 54+ME for i € 7,5 be the inclusion maps. These
maps induce a linear map
(Jeg)x: €5 (e) > CJ4(@).

For any § € Cr(led (Se) with 38 = 0, (je,g)« is a chain map from (C 4 (¢), Dg) to (C;7(8), Dy, ;),s) and
preserves the filtrations {9“‘ }pez and {9? }peZ-
Lemma 4.3 Suppose that a € R~ \ £(K). Then the induced map on homology
(Jeg)x: H(e,8) > HZ(E, (is,5)+0)
is an isomorphism if ¢ satisfies [a,a + (2a/g9)e] N L(K) =
Proof If m>2a/eg, then £41M& = 3a+me — 530 1£0 <m <2a/eo, then [a+me,a+méE|NL(K) =

from the condition on &. Thus, Proposition 3.7 is applied to show that HIR(Z&+mé xa+mey — () for all
m € Zx>¢. Therefore, the induced map on the (—m, g)-term for m > 0 of the first page

aR + drR + 0
et (Egs)Lmg = HyS a1y S ™ Zp) = (EEG, 180 ma = HyS a1 S ™ )

is an isomorphism. Now the assertion follows from Lemma 4.2. |

As we have seen in Example 2.6, HIR(N;%) =~ H Lfl (Ng; R). Therefore, we can determine a unique homol-
ogy class Th, € H,‘EE d (N;°®) which corresponds to the Thom class of (TK)= through the diffeomorphism
{(x,v) € (TK)* |v<e}— N, (x,0) ~ exp, v

The above lemma leads us to define a set of data (g, §) as follows.
Definition 4.4 Let C > 1 be the constant of Lemma 3.8. We define 7, for every a € R>o \ £(K) to be
the set of pairs (¢, 8) of € € (0,9/(5C*)] and § € C;:Ed (S¢) such that:
@) [a,a+ (2a/so)elNL(K) = @ for € := C3e.
(b) 98 =0 and (evo)«[8] = Thy € HI® (N ®).
Leta,b € R.g witha < b. For e € (0,e09/(5Cp)] and 8 € C;:Ed (S¢) with a6 = 0, there exists a chain

map (I&?), from (CS%(e), D) to (C=b(¢), Dg) induced by inclusion maps 180 yatme _, 5ibtme
for all m € Z>o. We define the quotient complex

b
(P (e) .= C(e)/ CS%e), D).
Let H ,,Ea’b)(e, d) denote its homology. Obviously, there exists a long exact sequence

)* (Ia b)* PPN

(23) S HE e, 8) L5 g2 (e, 8) — HID (6,8) > HZA (e, 8) L5
The next result is a trivial computation from the spectral sequence.
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Proposition 4.5 For a,b € R\ $(K) witha < b and (¢,8) € T, N Ty, the following hold:
e If[a,b]NL(K) = @, then HI*? (¢,8) = 0.

e If there exist ¢ € ¥£(K) and mo € Z>1 such that [a,b] N £p(K) = {c} if m = mo and
[a,b] N ¥, (K) = & otherwise, then

[a,b)
HE (0.8) = HR, (a2 Sy Sing)-

Proof Let E ([Zf)) be the spectral sequence determined by a filtration {?ﬁ:ﬁ’n [F omimez. We apply

Proposition 3.7 to the first page. For the first case, (£ ([Zf)))}),q

is trivial. For the second case, (E ([” ;7))) p.q = 0 for every p # —my, so all differentials are the zero map.

Therefore, Hy [a.6) (¢, §) = (E1+:D)1 and the assertion follows from

(8 8) _manJ’_mO
,b
(E[a N1 HdR (Eb+moe Ea+m08)NH;Rm0(d 2)(Em0’2 )

(e,8) /—mo,q+mo — " g—mo(d—2)

=0 for every p, q € Z, so the assertion

Here, the last isomorphism comes from Proposition 3.7. |
4.2 Variants from [—1, 1]- and [-1, 1]?>-modeled de Rham chains

In Section 3.5, we introduced [—1, 1]-modeled and [—1, 1]?-modeled de Rham chains. In this section, we
define chain complexes as in Section 4.1 by using these types of chains. Their constructions and some
computations are parallel to the former section, so we often omit proofs.

First, we deal with [—1, 1]-modeled chains. For a € R~ and ¢ € (0, g9/(5Cy)], we consider the graded

R-vector space .

Co%e) = EP CR i—zy (. Z0).

m=0

For § € E:Ed (S¢), we define a degree —1 map 53: C%e) — C<“1 (¢) by

Dj(x):=dx + Z(—l)p+1+kdfk,g(x)
k=1

for x € C yatme 50

—m(d— 2)(
Proposition 4.6 If § € CIR (S,) satisfies 3§ = 0, then Do Dg = 0.
This is analogous to Proposition 4.1 and can be deduced from the two equations of Proposition 3.19.

From this proposition, for § € C‘E 4(8¢) with 95 = 0, we obtain a chain complex (C %), D 5)- Let
HZ% (e, §) denote its homology.

Let us consider a relation to the chain complex defined in Section 4.1. The linear maps (18) for X = Ef,fms
eq,e—: CR(zatmey , CIR(xATME)  for m € Lo

naturally induce linear maps
et+,e—: Col(e) > C%e),

and these are chain maps from (C~%(¢), D 5) o (CT%e), D es 5) and (C%(e), D, ), respectively.
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We define a filtration {@Z‘; }pez by

Fod = P CR oz (T Z0).

m>—p

Let E (<“ %) be the spectral sequence determined by this filtration.

Lemma 4.7 e; + and eg _ are quasi-isomorphisms.

Proof We prove this assertion for only e, 4. The proof for eg _ is parallel. Since e, 4 preserves filtrations

{97«’;?) pez and {9«*:’“ pez, this induces a map on the first page (eg, 4 )«: (E . 8))1’ p (<ae 8))1”‘1' For
p = —m <0, this coincides with

(€+)* q m(d 1)(Ea+ms EO ) s HdRm(d 1)(Ea+ms E )
From Lemma 3.16, this map is an isomorphism. Now the assertion follows from Lemma 4.2. |

For &, € (0,80/(5Co)] with & < &, the linear map (jz3)«: C;~%(g) — C;~9(%), induced by the inclusion
maps jz 3! L patme Eg{"mg for all m € Z >, is a chain map from (C,~% (&), 53) to (CS9(8), 5(1’— A)*g)-
Lemma 4.8 Suppose that a € R~ \ £(K). Then the induced map on homology
(Jza)e: HIU(E.8) — HIE. (iz)+0)
is an isomorphism if € satisfies [a,a + (2a/g9)e] N L(K) =
Proof The proof is parallel to that of Lemma 4.3. The chain map (jzz)« preserves the filtrations
{@;‘; }pez and {@;‘; {pez- This induces an isomorphism on the first page since, for every m € Z>o,
ﬁ*(zzj-mg’ Efn+m§) =0

by Proposition 3.18. Now the assertion follows from Lemma 4.2. a
The above lemma leads us to the following definition.
Definition 4.9 Let C > 1 be the constant of Lemma 3.8. We define T, for a € Rsq \ £(K) to be the set
of pairs (&,8) of & € (0, £0/(5C3)] and § € CfEd (S3) such that:

@) [a,a+ (a/ep)e] NL(K) = @ for &:= C2:.

(b) 88 =0and (evo)«[e+8] = Thy € H® (N;*®).

Next, we deal with [—1, 1]>-modeled chains. For a € R~ and ¢ € (0, g9/ (5Cy)], we consider the graded

R-vector space
o0

6:“(8) = @ CdRm(d 2)(2a+m87 221)

m=0
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For§ € é,fEd (S¢), we define a degree —1 map ﬁg: Cra(e) —> 6:_“1 (e) by

Dy(x):=dx+ Y ()P o(x)
k=1

for x € CR

p—m(d—2) (szms’ 221)

Proposition 4.10 If §e ér?Ed (S¢) satisfies 38 = 0, then ﬁg ) ﬁg =0.

This is analogous to Proposition 4.1 and can be deduced from the two equations of Proposition 3.20.
From thiAs proposition, for § € 6,‘35 4(8e) with 96 = 0, we obtain a chain complex (6:“ (e), 133). Let
H:%(e, §) denote its homology.

Let us consider a relation to the chain complex defined by [—1, 1]-modeled de Rham chains. For j =1, 2,
the linear maps of (19) for X = X&+me,

el el CR(zarme) - CR(SETME)  for m € Lo,

naturally induce linear maps .
J i . A<a ~<a
e; el 1 CIe) > CX%e),

and these are chain maps from (C.=9(¢), ﬁg) to (C%(e), Be_; 3) and (C=%(e), D %), respectively.
+

el s

j, 4 and eg,_ for j = 1,2 are quasi-isomorphisms.

Lemma 4.11 e¢;

Proof The proof is parallel to that of Lemma 4.7. This time, we use the spectral sequence determined by
a filtration {@‘; pipez, which is defined by

Fa . ~dR a+me $0
5= P CR iz (ot 50).

mz—p

Then e£’+ and e,{,_ for j = 1,2 preserve the filtrations {@g,p}pez and {@g,p}pez. By Lemma 3.17, they
induce an isomorphism on the first page. Now the assertion follows from Lemma 4.2. a

4.3 The limit of ¢ — 0
In this section, we define a transition map
ker.5),e,8): Hy ¢ (€'.8") > HZ% (¢, 8)
for every a € Roo \ £(K) and (¢, 8), (¢/,8') € T, with & < ¢, by using (€, §) € T, satisfying
(24) £<E €48 =(ige)s8, 8= (ie2)s5"

In fact, k(¢ §7),(,5) i an isomorphism. We also prove that ({Hf“ (8,8)}(e,8)eT, > {k(er’g/)’(s’s)}s/sa) forms
an inverse system.

4.3.1 Construction of transition maps Let us first prove the existence of the above (¢, 8).
Lemma 4.12 For (¢, ), (¢/,8) € T, with &' < e, there exists (£,8) € T, satisfying (24).
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Proof Letus take &:= Ce for the constant C in Lemma 3.8, and rewrite 84 := (i¢ z)«6 and 6_ := (ig z) %6’

for short. Since
(eVO)*[8 — (is/,s)*gl] = Thg —_ (llg/’g)*Ths/ = O (S H;;Ed (Ng),

Proposition 3.9 shows that there exists 6 € C;:E d+1 (Sz) such that
00 = (ic.5) (8 — (is )8 = 64 —6_.

Let k: R — [0, 1] be a C*° function such that k(r) = 1if | <r and «(r) = 0 if r < —1. We take chains
B+, B— € C{R({0}) defined by

,3+ = [R, idR, (idR21 , ing—l)’ IC], ,3_ = [R, idR, (id]RZl , idRs—l)’ 1 —K].
Now we define § by
§:= By x (164) + B x (18-) + (9B+) x (16) € TR 4 (o).
This satisfies condition (24). Moreover, 3§ = 0 and (evo)«[e+8] = (evo)«[6+] = Thz. Now it is clear that

(8,8) = (Ce, §) satisfies the two conditions to be an element of J,. |

From Lemmas 4.3 and 4.7, we can define isomorphisms
fegyr = Uy oez 1)t HEE ) - HIe, ),
Jady— = Uerd)x ' olee—)s: HI(E,8) > HI(',8)

such that the following diagrams commute:

— = fg s — - fg 8),—

Hz93,8) — 2% gra(e, §) Hz(3,8) —2=, H=a(',§)
(e§,+)*l l(/sé)* (eé,—)*l J/(js/.é)*
HZE, e48) == HZE, (ie.5)0) HZ%E, e_8) == HE, (igr.5)+8")

We define an isomorphism
k(g,g) = f(gj)’_f_ °© (f(g,g),_)_l PHI(E ) — HI (e, 6).
Later, we will prove the independence on (£, §) (Corollary 4.16), and this is the transition map ke 8),(.8)

we need.

Lemma 4.13 When (¢/,8') = (¢, 8) € T4, we may take (¢,18) € T, as an element satisfying (24). In
this case, we have
keis) = idpza(es)-

Proof To prove this assertion, let us introduce a chain map 7, from (C~%(g), Ds) to (C~%(e), Di5)

induced by 7: CfEm(d_z)(Efn’Lme) — éfEm(d_z)(Eﬁfma) (see (17)) for all m € Zx¢. This satisfies
€g,+ © l_g = idc*<a(8) = €g,— O l_g, and thus

(25) (eot)s = (Te)y | = (ee,)x: H(e.18) — H(e.6).

Therefore, k(. 75) = (eg,+)x© (ee )7l = idg=<ag sy O
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4.3.2 Compositions Next, we think about compositions of maps in the set {k(8 8)}(8 5)eg, For
(e,6),(¢,8"),(",8") € T, with ¢” < & < &, suppose that we have chosen (&, §), (¢/,8'), (€, 8) €T,

satisfying _ . . . / ~
etd = (igz)x0, €48 = (igg)«d, e+d=(ig3)x0,

e_8=(ig5)b', e-8 =(igrz)x8", e-8=(igr5)sd".

In this situation, let us first prove the following lemma.

Lemma 4.14 There exists € € (0,&9/(5Co)] and §e Cde (Sz) such that 38 = 0 and
el 8= (izga)ed, €18 =(iga)xd, €28="(is0)+8, €28 =/(ipr2)x(i8").

Proof Let us take p := C - max{&, &,&}, & := Cp and rewrite §; := (l'g’p)*g and §_ := (l'g/,p)*g/ for
short. Since
(ev0)x 0 (e4)xl(iz,c 108 = (i, c-1,)+8'] = (iz,c-1,) (The) = (izr,c 1 p)x(Thi) = 0 € H{X (Nc—1,).

Proposition 3.18 shows that there exists 6 € €;Ed+1 (Sp) such that 30, = S+ —§_. We define ! : RxR —
[0, 1], (r1,72) — k(r1), where  is the function that appeared in the proof of Lemma 4.12. Then we take
chains B4, - € (/A’(‘)jR({O}) defined by

BL =[R2 idg2, (r1,7h), (¢2,72),%], BL:=[R?idge, (zL, 7)), (z2,72), 1 K],
where ‘L’_{_ =1d{;,;>1} and T/ = idg; <1y for j = 1,2. We define
§:= Bl x (184) + BLx (150) + (8B1) x (7" (61 —7e=)) € X 4 (S)).
This chain satisfies 9§ = 0 (note that e_(36,) = e_8 —e_5_ = 0). Moreover,
el b =(ig,)id, eli =iz p)sb, €2 = (ier,p)s(8")

hold. The former two equations are easy to check. The third equation can be checked as follows: since

e2 ol =7oe_, we have €2 (i1 (6; —Te—6;)) = 0 and thus

e2E = (€2 BL) x (1((ier,p)58")) + (€2 BL) x (((ier,0)x8")) = (ier ) (78").
Let us write § := e_zi_é € 5};15 4(Sp) and consider the difference of chains § — (iz, p)*g . We claim that there
exists 0, € C dR —4+1(S8) such that
(26) 002 = (ip2)+8 — (iz2)+8, er0r=e_6,=0.

We prove this claim. Since ey o e_%_ =e4o0 e_li_ and e_ o ei =e, oel, we have

(e+)+[8 — (iz,p) 8] = (e 0 e} )x[E] = (ie,p)«[8] =0 € H%4(Sp),

(e—)«[8 — (iz p)*g] = (eyoel)s ] = (ier )61 =0 € Hde(Sp)
From Lemma 3.16, there exists 9/ eC Rd+1 (S,) such that 89 =§—(iz,p)«6 and 8(e+92) =0d(e— éé) =0.
Since (evo)« [e+9’ ] and (evo)«[e—6} 5] are contained in H dr " d+1Np) = {0}, Proposition 3.18 shows that
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there exist ¢4, p— € Cde+2(Ss) such that dp+ = (i, 2)« (e+92) and dp— = (i, )« (e— 92) Then, by
using B+ and S_ in the proof of Lemma 4.12, we define

02 1= (ip0)x0y — (B4 x T94) = DB xTp-) € C¥ 4 11 (Se).
and this chain satisfies (26).
We take ©2: R? — [0, 1], (r1,72) — k(r2), and
B2 =[R2, idge. (). 7h). (r2.72).%% € CR({0}).
Finally, we define a chain
8= (i,0)xk — (B2 xi%02) € CR ,(Sy).
This satisfies 38 = 0 and the required four equations. a
Lemma 4.14 is applied to prove the next proposition.

Proposition 4.15 kg ok@ sy =k H4(",8") —> HS%e, 8).

Proof Let (¢, g) be the pair of Lemma 4.14. From Lemmas 4.8 and 4.11, we can define isomorphisms

Sas = Ul oled e AT @.8) > HIE.D),
f(28) = (zd)x'o(ef )s: HI@, 8) > HI% (.8,
Fgy e = Usdi' o (2 )u: HEE8) - HI D).

From the definitions of k(é, 5) k(g,’ 5 and k(g’g), it suffices to show that the following diagram commutes:

H%(E,9)

H<(1 (8” 8//)
* )

H<a(

H.%(e. 6)

Note that all maps appearing in the diagram are isomorphisms. We need to prove the three equations
JeH.+° f(l 3),+ = f&5)+° f(2 &+

@7) Teh-°Tan e = Teins° Jas -
fem—°Sas e = Tein-Tes -
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>

Let us prove the first equation. Returning to the definition of f(g’g)’ 4 and f( Bt

JeH.+° f(i Bt = (Jed)s o (e )0 (Jza)s o(ef )x
= (Jed)x ©(eztoes )x
= (Jed)x o (€403 )
= (Je,g)v 0 (es,4)x 0 (jzo)s ' © (egz,Jr)*
=Jeh+an

Here, the second and fourth equalities follow from the obvious equations

(Jza)x o (ez4)x = (eg1)x 0 (Jza)x.  (Jza)x 0 (eg4)x = (e5,4)x © (Jz2)*-
The third equality follows from

€8+O€ —€8+Oe

e+ e+’

which comes from the relation e o e}r =e4o0 e2 7 of (20). The second equation of (27) can be proved
similarly by applying
+ = ¢+ ° 651,—’

which comes from the relation e_ o e2 1 =eqo0 el of (20). To prove the third equation of (27), there is
one nontrivial matter: we need to apply

(g—0ed e = (ep—o0el )u: ATE.8) — HIE. (ier 48",
which does not follow from (20) directly. To check this equation, we consider the following diagram
including HS%(2, (igr 2)«(18")):

(eA +)*

Are@.3) H% (@, (iz2)+0)
K&_—)*)
(e e HE4E. (i 2+ (8") (e5.)e
€z, +)x
_ (es_) (ei?,f)*
HZ4E, (i 5)x0) — HZ4(E, (igr 5)%6")
Then
e — oeg L =€540 eg_, €z © egl_ =eg_o egz_

follow directly from the relations e_oe! =e; oe? and e_oe! =e_oe? of (20). If we rewrite (iyr 2)+8”
by 8%, equation (25) shows that

(e§,+)* = (eg,—)*: ﬁ:a(a 1_8#) - H:a(§7 8#)
From the above diagram, we get (ez _)« o (eg1 +)* = (eg,—)x© (esl )k m|
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Corollary 4.16 For (¢,6), (¢/,8') € T, with &' < &, the isomorphism

ko.z:HI%8)— H %, 6)

8)
does not depend on the choice of (£,8) € T, satistying (24).

Proof Let (£,68) and (F, g) be two arbitrary choices from 7, satisfying (24). We apply Proposition 4.15
to the case where (¢”,8") = (¢, §') and (¢, ') = (¢/,78’). By Lemma 4.13, ke 187 is equal to the identity
map on H:%(¢',8’), so we get

k(éjg) o idHf”(s’,S’) = k(g”s") O

From this result, we may rewrite k; 5, HZ%(e', 8"y — H%,0) as k(g 5/),(e,5)- The equations of
Lemma 4.13 and Proposition 4.15 can be rewritten as

k(8,5),(8,8) = idH<a(8 3)’ k(s/,g/)’(s’(g) (o] k(s”,S”),(s’,s/) = k(s”,S”),(s,S)-

Now, T, becomes a directed set by the relation (¢/,8") < (e, §) if and only if &’ < ¢. Then we obtain an
inverse system
({HS(8, )} e.8)e 0 (e 57),(e.8) Yer<e)
and its inverse limit
HZ4(Q.K) = lim H (e, 9)

e—>0

is defined.

4.3.3 Spectral sequence Lastly, we extend the above work to spectral sequences. For (&, 8), (¢/,8') € T
with ¢’ < &, we take (8, §) € T, satisfying (24). Chain maps (Je,8)x» €z, ez,— and (jg g)« induce a zig
zag of morphisms of spectral sequences

(]g g)* <a (ez_)« <a (ez, +)* <a (]8 8)x
(28) EGlsy = EGiu netn < gy = EGlienns) < G-

All of them are isomorphisms. Let k(o §7).(¢,6): E (8, Y E (<‘18) denote the composition of these maps.
(The independence on (g, §) can be proved in the same way as Corollary 4.16.)

Proposition 4.17  There exists a spectral sequence E<% = ({(E gt Ad=N), 4 }) which converges
to H-%(Q, K) in the sense of [21, Bounded Convergence 5.2.5] such that
Hd_m(d y(E $0) ifm=>0,

E<a_
(E™)omq = 0 ifm<0

Proof On the first page, the middle two maps of (28) have the form

(e—)x«

(e+)* — =
Hypa-1(ZL,7 52 ,)) —= Hyy pa—1)(3%, e .22,).

Hyipa-n (4,722 ,) <

Since (e—)x = (i) ! = (e4)«, this composition is equal to the identity map. Therefore, ke 57.(e,8) 18
equal to (jer,e)x: Hyp p(a—1)(ZL57° . 22 ,) = Hyy pa—1)(ZL,7°. 22 ) on the (p. ¢)-term with p <0
of the first page.
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—c—>
(@™ (E=pq = (E=) s gir—
is defined to be the map induced by {(d G 8)) p.q)(e.8)e7,- Then the (p, g)-term of the first page is given
by

By {k(e,57),(e,6) }e’ <e» We define (E=%)7, . :=lim O(E(z%));,q' Moreover,

(E<a)111,q = lim Hq+p(d—1)(zi;p8’ —p) =Hyypd— 1)(2_1,, (lp)

e—0
for p <0and (E<%)! =0 for p > 0. Since {k( /) (c.5)}e’<s consists of isomorphisms, it is clear that
P p-a p (¢/,8").(e.8) s&'< rp

E =% is a spectral sequence which converges to H=%(Q, K). |

4.4 Definition of H:"(Q, K)

In this section, we define 1%?: H=%(Q, K) - HZ%(Q, K) fora,b € R~¢ \ $(K) witha < b to get a
direct system ({H:“(Q, K)}aer- o\ (k) {I“’b}afb). After defining HI"™(0, K) as its direct limit,
we will give a structure of a unital graded R-algebra.

4.4.1 The limit of @ - oo Let a and b be the above real numbers. For any (¢, §) € T, N Tp, we have

considered in Section 4.1 a linear map
(I80) 0 HT%(e,8) — H (e, 6),
which is induced by the inclusion maps 180 xatme _ 5ib4me for all m € Zs.

Lemma 4.18 Suppose that (8,8) € T, N T, satisfies (24) for (¢,8), (¢/,8) € T4 N T, with &’ < &. Then

the following diagram commutes:

H= .8 L% b e s)

k(e’,sn,(s,a)T Tk(s’.z?’),(s,é)
a4y«
HZ%(,8") == HZb (e, 8)
Proof 1% induces a linear map (1% «: HZ9(8,8) — HZ=b(z, §). It suffices to show that
& p & * *
by g =3
800 fie gy s = Fagyg o UL HEE.8) — HIb(e.6),
( bl )’+ ( bl )’+
ab ,b .7 - @
U370 S fy,— = Fady— 0 Ug)w HE(E8) - HIO (€.,
Let us check the first equation. Since jg z o Ia’b = Ifl’b 0 Jeit Z“+m8 — Eb+m5’
(Ia )*Of(85)+ (Ia )*O(Jss)* o (ez,+)*
= (js,é); © (lg ’ )* o (€§,+)*
= (Jed)x" o (e, 4)x 0 (IZ)s
a,b
= Jed,+ Uz s

The second equation can be proved by replacing ¢ and + in the above computation by ¢’ and —. O
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This lemma implies that, after taking the limits of (&,8) € T, N T} as ¢ — 0, we get a linear map
10 = lim (I&*),: HF*(Q. K) — HS"(Q. K).
e—0
Furthermore, for b > a and (¢, §), (¢/,8') € Ty N T, with &’ < &, k(x 57),(e.5) induces an isomorphism
from H}f”b)(s/, 8') to Hla’b) (g,8). Thus, we can also define
HP(Q. K) = lim H"(s,6).
e—0

Note that a long exact sequence

<a Je-b <b [a,b) <a 140
(29) > HN(Q,K) — H7(Q.K) > H,77 (0, K) > H5 (0, K) — -+
is induced by (23).

From the direct system ({Hf“(Q, K)}aeR- o\ %(K)> {I“’b}asb), we finally define a graded R-vector
space
H,"™(Q.K) = lim H*(Q.K).

a—>o0
4.4.2 Product structure Let us see that H ,imng (Q, K) has the structure of a unital associative graded
R-algebra. For any a,a’ € R~g U{oo}, m,m’ € Zxg and ¢ € (0, &0, there is a map

7 7 + 7 + + /
I1: Eg{"mst‘Zm,‘"m € Zf;;_;) (m+m )8, ((Vr)k=1,...m+ (Vl/)l=1,...,m’) = (V1 Vms Vi’ cee V,/n/)-

When m = 0 or m’ = 0, I is identified with the identity map. We define a linear map

(30) Cre)®C, Y () > Cpfd(e), x®@y>x*y,
such that, for x € C;Em(d_z)(Eg{"mg, »%)and y € C;Em,(d_z)(Efn,er £, 29,

xxy=(=1)",(x x y).

We note that the associative relation (x x y) x z = x » (y * z) holds. Suppose that a,a’,a +a’ ¢ $(K).
For any (g,8) € T4 N T4 N T 444, the above map is compatible with the differential Dg. Indeed, for
XECR a—py(Emtme Zh)and y € CR o (Za e 20,

m+m’

(=)™ Dg(x x y) = I([Tu(x x y)) + D (=PI £ (T (x x )
k=1

= TL.(0x x y) + Y _ (=P HITIFREESOT (1 5(x) x )
k=1

/7

m
+ (1)@ (x x ) + Y (—1)PHHHEmATL (o x fy 5(3))
=1

= (=)™ (Dg(x)) x y + (=1)?TM99 x & (D5 (y)).
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Here, so := (¢ —m’(d —2))(d + 1). This computation shows that

Ds(x % y) = (Ds(x)) * y + (=1)Px * (Ds(y))
for x € Cp<“ (¢)and y € C ;“/(8). Therefore, (30) induces a linear map on homology,

Hy%e,8)® Hy" (e.8) > H £ (e,8).

forevery (6,8) € Ta N Ty N T gtar.

Likev_vise, let us deﬁfle x/_; y = (—1)M49 T, (x x y) € E;f;a/(é) for x € C_’glim(d_z)(E‘,‘n+mg, x9) and
y € C;Em,(d_z)(Efn,’Lm ®,£9)). Then ez 1 and ez _ intertwine the x-operation and the *-operation. This
shows that the x-operation is compatible with {k(. /) (¢,8)}e’<e. Therefore, in the limit £ — 0, a linear

map
Hy(0.K)® Hy% (0. K) — H0+ (0. K)

is induced. The commutativity with {/ a,b }a<p naturally holds. As a result, we get an associative product

structure on Hy""2(Q, K). The element 1 € Hgmng(Q, K), which comes from 1 e R = C(‘}R(E“, 28) C

Cy (e, 8), is the unit of this graded algebra.

4.4.3 Explicit choice of (¢, §) Lastly, let us introduce a condition on (g, §) € T, so that § can be written
explicitly. The concrete computations in Sections 5 and 6 become easier by choosing (¢, §) satisfying this

condition.

Suppose that there exists a fixed trivialization R¢ x K — (TK)® of the normal bundle of K which
preserves orientations and fiber metrics. For every ¢ < gg, let us write O, := {w eR? | |w| < %8}
Composing with the exponential map (3), we obtain a diffeomorphism

h:0,x K — Ng,

which preserves orientations. In this case, we say (g, §) € T, is standard with respect to h if § € C::E 4(Se)
has the form

(31) 8: [Ng,lpg,h*(v‘gxl)]
satisfying:
o Yo: Ny —> Se,v— (0}’)]-:1,2, is defined by

0}’:[0,%8]—>N8, t»—>h(8_82tw,x), O‘;I[O,%S]—)NE, t»—)h(%w,x),

for v = h(w, x) € Ne.
o hi(ve x 1) € QP4 (N,) for some v, € Q% (0,) with Jo, ve=1.

Suppose that (£, §) € T, satisfies (24) for (¢, 8), (¢/,8') € T, with & < & which are given as above. Then
we say (£, 8) is standard with respect to h if § = ¢ and § € 6}?5 4(S¢) has the form

(32) § = (=1)"[R x N, Yo' e, (R, x N, - idR__, xN, ). Te,6]
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such that, for some C* function x: R — [0, 1] with k(r) =0if r < —1 and k(r) = 1 if r > 1, the

following hold:
o Yo olr,v)=(r, (a}””)) i=12) € R x S¢ is defined by

& —2t
! w,x), crér’v): [0, %sr] — Ny, t+> h(i—zw,x),

r

al(r’v): [0. %Sr] — N, t+ h( .
.

forr e R, v=~h(w,x) € Ne and &, := k(r)e + (1 —k(r))e.
o (iIdr X h)* e e = k X (Vg x 1)+ (1 —k) X (ver X 1) 4+ (dk) x (6 x 1) for some 6 € Qf‘l(@“g)
satisfying d6 = v, — vg.
In summary, in order to compute H:tring(Q, K) when a trivialization 4 is given, we only need to deal
with (g, 8) € T4 and (¢, 8) € T, which are standard with respect to A.

4.5 Invariance

In this section, we prove the invariance of Himng(Q, K) up to isomorphism under changing auxiliary
data. More precisely, we consider the dependence of the construction on the following data (see the
beginning of Section 3):

(a) acomplete Riemannian metric g on Q;

(b) a constant Cy > 1 which bounds the speed of all y € Qg (Q);

(c) areal number g9 > 0 which is the diameter (in the direction of fibers) of a tubular neighborhood

Ng, of K;
(d) a C® function : [0, 3] — [0, 1] which is used to define cony.

Notation Let X be an arbitrary notation, which we have defined in the former sections. As a rule, in
this section, if its definition depends on some auxiliary data S, we rewrite X as X when discussing the
dependence on S.

Independence on ¢ We choose a C*° family & := (u,)rer such that each u, satisfies the same
condition as i, and p, = p—1 if r < —1 while p; = w1 if r > 1. Then a map cony ;,, is defined for each
r € R. For (£,8) € T, let us define f_k,S,/z: 5SR(Efn+mé_) — 5SR(Efntr({n+l)8) by replacing cony in the
definition of @ of (21) by cong ;. ,,- We also replace J4 ;5 in the definition of D by f; 5 o to define a
linear map
Dj C% (&) — C24(8).

This satisfies 53 70 55 7 =0, so we get a chain complex (C79(8), 53 ). Let HZ%e, 8, i) denote its
homology group.

We rewrite ez 4, eg,—: Cy9(e) — C%(¢) by e i+ and e j,—, respectively. They induce
(Ceiit)s: He%(e,8, 1) — Hi%e,e18)py»  (eeu—)s: HE%(e, 8, 1) — H% e, e—8),_,.
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We can prove, just as Lemma 4.7, that they are isomorphisms. When (&, S) € ﬁ[a,b) satisfies (24), we
define an isomorphism k ; 5 - HZ% (8, — H%(e,8),, by

kg = (Ued)s o (ean)e) o ((ord)t o (s .
As in Proposition 4.15, the two triangles in the following diagram commute:

k(e,i8.m)

HZ% (e 8)u, HZ4 (e, 8)p,
k5.
k(s’,8’)‘(8.8)T - Tkw,a/),(s,m
<a(. s/ ke 5w <a(y 8/
}15‘< (8,8)#_1 —>H* (8,8)#1
Therefore, {k( i5.2)} (e,6)e7, induces an isomorphism on the limits of & — 0,
ki HSNQ, K)oy — HX(Q, K, .-

It is easy to see, as in Lemma 4.18, that {k“ YaeR-o\¢(k) commute with {74 b}a<b, SO we get an
isomorphism from H mng(Q K)u_, to Hy ssing (9, K)y, - Itis also possible to prove, in the same way as
Corollary 4.16, that this isomorphism does not depend on the choice of fi.

Independence on &9 For &, < &9, we consider the inclusion maps j; - E“+m5 — Xatme for
&) ,

all m € Z>¢. They induce a chain map (Jeo,go)* from (C=¢ (8)80, Dg) to (C; <a (8)80, Dg) for every

ae€Rso\ZL(K) and (&,0) € 9a,86(c T a,e0)- This preserves filtrations {F9 . }pez and {JPS 9. ' Ypez

so it induces an morphism of the spectral sequences. On the (—m, g)-term for m > 0 of the first page, it

is equal to the map

050 30)* q m(d 1)(Za+ms EO )—>H R n(d— 1)(Za+ms ZO )

m,eo m,ep

which is an isomorphism by Lemma 3.11. Therefore, by Lemma 4.2, (jeb,go)ﬂ< CHI% e, 8)36 — H:%&,8)g,
is also an isomorphism.

We can prove its commutativity with {k( §/) (¢,8)}e’<e as in Lemma 4.18, so we get an isomorphism on
the limit of ¢ — 0,
PHN(Q Ky — H(Q, K)eo -

e €0 "
It holds naturally that {J%, ' }aeR>0\§£( k) commutes with {74 b}afb. Therefore, in the limit a — oo, we
get an isomorphism from. H gtrmg(Q K)g to H SO0 K.

Independence on Cy For C(’) > Cp > 1, we consider the inclusion maps jCO’C(/): Efn,co — E“m’ c; for
all m € Z>¢. Parallel to the proof of the independence on &g, we apply Lemma 3.11 to show that an
isomorphism

3, cpt HE(0. K)y —~ HE(0. K)g;

is induced. It holds naturally that {J¢ Co.C, YaeR-o\#(k) commutes with {74 b Ya<b- Therefore, in the limit
a — oo, we get an isomorphism from H, g3tine (Q.K)c, to Hy string (Q, K)C0
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Independence on g First, let us introduce an graded algebra H :fring(Q, K)g which is isomorphic to
H™(0, K)(g,Co.£0)» but whose definition does not depend on g9 and Cy. For every a € R~ \ £(K)g,
we define the limit of eg — 0 and Cy — o0,

FI:“(Q,K)g = lim lim HZ(Q. K)(g,Co.60):

Co—>00 £0—0

by the {3? €0 }86<£0 and {3%0 C/}C0<C(/) defined above. Then {1a9b }(l<b induces a famlly of maps
0’ = G 0= =

(18%: HZ9(0, K)g — HI2(0, K)gla<b

and we can take the limit as @ — oo to define H3""¢(Q, K)g:=lim _ HI(Q, K)g.

Suppose that g and g’ are complete Riemannian metrics on Q. For a > 0, there exists a compact subset Z,
which contains the images of all y € | J¢,>1 2k (Q)(g,c,) With length, y < a and the images of all
y € UCozl Qk(0Q)(g’,co) With length,, y < a. For any a € R \ (£(K)g U £L(K)g), there exists a
constant ¢, > 1 such that |- |g/ < c4||g and |- |g < cq|-|g’ On Z,. We may additionally assume that
acq £ £(K)g UL(K)g.

Leta € Roo \ (£(K)g UL(K)g). For any Co > 1 and &9 > 0, we have the inclusion map

. . a acg
)(Co,e0) 2m,(g,Co,s()) - z:m,(g’,C()ca,,soca)'

In addition, let S¢, be the subspace of Sg ¢ which consists of (0;);=1,2 satisfying [(01) (t)|g < c; ! for
i =1,2. If ¢ is sufficiently small, we have the inclusion map

is: Sg’g — Sgca’g/.
These maps induces a linear map on the homology groups

(j(C(),&‘o))*: H*<a (8? 8)(g,C(),80) - H:acu (Scaa (i8)*8)(g/,COCg,8ocg)

for (,68) € T4, (¢,Co,e0) Such that § € C:Ed (8¢ g)- Its commutativity with {k(e 57),(¢,8) }e’<e can be proved
as in Lemma 4.18. Let us write the induced map on the limits of ¢ — 0 by

JCoso): He Q. K)(g.Co.00) = Hi (0, K) (g .Coca.coca)-

Moreover, it holds naturally that the maps of {G?C,so)}c021580>0 commute with those of {3?6 %o }86 <o
and {J%O,C(;}Cofcé’ so we get a map on the limit of ¢g — 0 and Cy — o0,

3= lim lm Jic . HoN(Q, K)g > HZ(Q, K)g.

Co—>00 g9—0

Lastly, {3a}aeR>0\(§£(K)gU§£(K)g/) is compatible with {Ivg’b}asb, so it induces a map on the limit of
a— oo,
I HI(0.K)g — HY™(0. K)g.
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If we exchange g and g/, we can also define the map (3')¢: H=%(Q, K)g — H%a(Q, K)g for
a€Rso\ (£(K)g U£L(K)g). For b :=ac,, we have

(3/)1) 03a — ig,bcb’ 3b O( )(1 _ a bcb‘

Therefore, li_n)la_)oo(ﬁ/ )¢ is the inverse map of J. This proves the independence on g.
This completes the proof of the independence on auxiliary data.

Finally, let us prove the invariance under changing the orientation of K. Suppose that K =| |, 4 K¢ for
connected components {Ky }ge4. Then Ny =| |,c4 New and Sg = | |,c 4 Se,a» Where N o is a tubular
neighborhood of Ky and S¢ o consists of pairs of paths in Ng o. In addition, for every aq,..., 02, € A4,
let X7 (Lot be the subspace of X4 consisting of (yx: [0, Tx] = Q)g=1,...m such that y;(0) €
Ky, and yg(Ty) € Kq,, fork =1,...,m. Then Cde(Sg) =Pyecu Cde (Se.q) and CIR(24) =

69011 (jClR(E

For any subset B C A, let Kp be an oriented submanifold obtained from K by reversing the orientations
of {Kq}aep. Forevery 8§ =) ,c40a € Cde (S¢) (where 8y is a chain in Sg ), let us write dp :=
> wea\B S — X yep Sa- By using the notation

.....

----- a2 €A m (a1,---,t¥2m))'

S(1, ..., 00, =#lke{l,...,m}| oy € B},

we define a linear map F2: C;%(g) — C;%(¢e) such that F&(x) = (— 1)S@m@2m) x for every x €
CO1 s (d— 2)(Zm (@1 stom)’ Efn,(al ,,,, . )) form > 1, and F4(x) = x for x € CIR(Z8, 20) For every
(8,8) € T4, (&, 0p) satisfies the conditions of Definition 4.4 for (Q, Kp), and F¢ is a chain map from
(Cs%(e), Ds) to (C-%(e), Dy, ). Moreover, F¢ is compatible with the x-operation. By taking the limit
of ¢ = 0 and a — oo, we obtain an isomorphism of graded R-algebras

F:H™(0,K) — HI"™(0, Kg).

Remark 4.19 Similarly, one can prove the invariance of H. ,itring(Q, K) under changing the orientation

of Q.
Proposition 420 H3""¢(Q, K) is invariant under a C* isotopy of K.

Proof For two oriented compact submanifolds Ko and K; of Q, suppose that there exists a C*° family
of embeddings { f;: Ko — Q}:e[0,1] such that f is the inclusion map of K¢ and f1(Ko) = K;. Then
this isotopy can be extended to an ambient isotopy {Ft};e[o,1] such that Fo =idg and F1(Kop) = K
Since Fj is an isometry from (Q, (F1)*g) to (Q, g), it naturally induces an isomorphism

H:trmg(Q ’ KO)(F1 yeg = H:trlng(Q ’ Kl)g )
The assertion follows from the independence on the Riemannian metric on Q. O
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S Examples

In this section we determine the algebraic structure of H ;:tring(Q, K) for two examples when Q = R24~1
with d > 2. These examples are higher-dimensional generalizations of the Hopf link and the unlink in R3.

The manifold Q = R24~! has the standard orientation. Let us use the coordinate (zg,z1,z2) €
R41 x R x R4~1 = R24~1_ The unit sphere §4=1 < R is oriented as the boundary of the unit
ball. We consider three ways of embedding the unit sphere S¢~! ¢ R¢ into R24—1:

S4T1cRY =R xR - R27L (20, 21) > (20, 21, 0),
ST cRY =R xR 5 RN (z1,25) > (0,21 + 1, 22),
S4T1cRY =R xR - R4 (20, 21) > (20.21. 23),

for a fixed vector z5 € R4-1 \ {0}. Their images are written as Ko, K1, K> in order. These submanifolds

are oriented so that the diffeomorphisms S d=1 _, K; from the above maps change the sign of the

orientation by (—1)4~1.

As notation, given a set ¥ and amap ¥ — Z, s > |s|, let 4+ (¥) denote the unital noncommutative graded
R-algebra freely generated by ¥ such that s € sd/5(¥) for every s € &.

5.1 Computation of H:"™8(R29~1, Ky U K;)

Let us define &ﬂ‘;}”’f = A (€ UD UE) by the three sets

where i and j run over {0, 1}. The degree of each element is given by

)l =d -2, e} ;1 =¢} j|=2d =3 fori# ]
lcjil=2d =3, |c};|=3d—4, |d}j|=2d-3, |d7;|=3d—4. |e};|=2d—4. |ef;|=3d-5.
We define a graded derivation 9: &ﬁlf()pf — &ﬁfiplf such that

0 _ 1 _a.1 _a=1 _ 2 _ 1 _ 1 2 _ 2 1 _ 2 _
3C,~,J~—O, 8ci,i—86i,j—80i’j—0, ac,.’j_o, 8dl-,i—el-,i, od7 . =e: ., de;.=0, Oder; =

<

and they are extended by the Leibniz rule. We also define another graded derivation F': ﬂEOPf — &ﬂfiplf

such that

Fcé,o = (—1)%5,0 + (—1)dC8,1C(1),07 FC11,1 = (—1)d6’%,1 +C?,0‘38,1v
Fcgo=—e€50— (5160 0+ (—l)dcé,lc?,o)’ Felp=—ef ;- ((—1)d511,o‘78,1 +¢1,060.1);
ch,l = _eg,l’ FC%,O = _e%,ov

Fd}; =0, Fd?; =0,

Fel; =0, Fe; =0,
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and they are extended by the Leibniz rule. It is easy to see that 0od =0, do F + Fod=0and Fo F =0.
Therefore, we obtain a differential graded R-algebra (&iHOpf d + F). Note that the differential graded
R-algebra (&d* opf, d) is obtained from (4«(6), 0) by stabilizations (see [13, Definition 3.9]). Thus,

(33) (s4(6), 0) = (s, 8) <= (s (€). 0),
where i is the inclusion map and 7 is the projection map, are quasi-isomorphisms. For the proof, see [13,
Corollary 3.11].

The goal of this section is to prove the next theorem.

Theorem 5.1 There exists an isomorphism of graded R -algebras

Ho (02 9+ Fy =~ HE™(R24 Ko UKY).

To compute H,,Sfring(Q, Ko U K1), we fix auxiliary data such that g is the standard Riemannian metric
on R24~1 The constant Cy is required to be Cg > 3. The other data, ¢ and ju, are not specified. The
proof is divided into three steps.

Step 1 We first observe de Rham chains in CIR(2% , £9 ). We define a map
¢: (Ko U K1)* > Qrouk, R*7h)
such that each (p, p’) € (Ko U K1)? is mapped to a path of a segment
e(p.p): [0, 1] >R 1> (A=D)p+1p.

We fix two points pg := (0, 1,0) € Ko and p; := (0,0,0) € K;. Then we define de Rham chains

X =i P} 0liprpy- 1€ CHNET.ZY i i # .

xti=[{pi} x Ki. ¢lpiixk; - 11 € CR (2. 2D),
(34) Xt = Upit x Kj0lipiyxk, - 11 € CRU(BL. 29 if i # J,

% ;o= [Ki < {pj} ¢lkixipy1 1] € c§R1<za, = iti#)
x7 = [KixKj.¢lgxk; 11 € Coy (2. 59).
Here, a > 3 and i and j run over {0, 1}. Obviously, they are cycle chains for . We write the set of these
chains as

&= {xio,j}iaéj U {xil,i}i U {xil,j’iil,j}iaéj U {xiz,j}i,j-
If we define a function [: ¥ — R~ by
() =1 H)=U& =1 fori#j  x})=1x})=2. Ux};)=3 fori#}]

then each x € & satisfies x € CSR(Z;(XHS, 2(1’) for any € > 0.

For every a € R>o and m € Z>1, let us consider the manifold

BE =1(q9, qlv"'vqm’qm)e(KOUK1)2m|Z|Qk gl <aor min lgg — gzl <o -
k=1
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This is homotopy equivalent to X4, by two smooth maps

7Tm: E;ln - B}?’l? (yk [Os Tk] - RZd_l)k=1,...,m = (Vl (0)1 Vl (Tl)v ceey Vm(o), Vm(Tm)),

im: BY — X%, @0, 41. - o doy) = @GR 1) k=1....m>

for which 7y, 0 iy =1dpg and iy, o 7y, is homotopic to idga (see Lemma 3.2).

Notation In this section, if N is a submanifold of a manifold M, then the inclusion map N — M is
denoted by .

Lemma 5.2 Let M be an oriented manifold with open submanifold N. Suppose that there exists an approx-
imately smooth function f: M — R such that N = f~1((—o0, 0)). In addition, assume that H:ing(M, N)
has a finite dimension. Then there exists an isomorphism between H. >:ing(M ,N)and H®R(M, N) such that,
for every closed oriented k -dimensional submanifold K of M, the fundamental class [K] € H ]iing (M,N)
corresponds to (—1)*®[K, g, 1] € HR(M, N), where s (k) := % (k —dim M)(k —dim M — 1).

Proof We consider the correspondence through the isomorphisms
H" (M, N) = HImM = (M, N) = HR(M™¢, N™8) > HR (M, N).

The first isomorphism is defined by Poincaré duality. The second isomorphism was given in Example 2.6.
The last isomorphism is induced by idas : M™ — M [15, Proposition 5.2]. Let us identify the tubular
neighborhood Nk of K with the normal bundle of K. Then [K] € H ,iing(M , N) corresponds to [] €
H c‘i’if&M —k(M,N), where 5 € Q‘ClimM —k(M) has its support in Nx and represents the Thom class of
the normal bundle. Recalling Example 2.6, we can see that this cohomology class corresponds to
(—1)S®[M,idpy. 1] = (—1D)*B [Nk, idy, . n] € HR(M™8 N™2). Let ny,: Nk — K be the bundle
projection. Then, as a de Rham chain in C]‘jR(M, N), [Nk.tNg 1) is homologous to [Nk, tg © TN . 1]
since (N, : Nk — M is homotopic to (g o . : Ng¢ — K C M. Now the assertion follows since

[NK,LKOT[NK’ 77] = [Ks K (HNK)!U] = [K’ K, 1] € H/fR(M7N) o

Let us see that a basis of HIR(2¢, 29) is given by & and the x-operation. First, suppose that m = 1
and a > 3. Then Bf = K x K. Through the isomorphism HIR (B¢, B?) ~ H,"#(B%, B?) of Lemma 5.2,
{(m1)«[x] | x € &} corresponds to the set of singular homology classes

i PNy YDy > Kil}; Ui} < Kl UK < {pi3l}, 4 U ALK % Kl
which is a basis of Himg(K x K, B?). Therefore, {[x] | x € %} is a basis of HIR(24, Z(l)) for a > 3.

For a € (0, 3], we consider the deformation along the negative gradient vector field of a C* function
Eij: (KiUK)? - R:(p,p)) = |p—p'|>. Ifi = j, then max E; ; = 4, min E; ; = 0, and the
subset {(p, p) € Ki x K; | |p— p'| < a} fora <2has E;;}(0) = {(p,p') € Ki xK; | p = p'}
(the diagonal) as a deformation retract. If i # j, then max E; ; = 9, min E; ; = 1, and the subset
{(p.p') € Ki xK; | |p—p'| <a} fora <3 has El._,}(O) = (K; x{p;}) U({pi} x K;) (a bouquet) as

Algebraic € Geometric Topology, Volume 25 (2025)



1004 Yukihiro Okamoto
a deformation retract. From these observations, we can see that {[x] | x € ¥, [(x) < a} is a basis of
HIR (x4, E(l)). In general, for any m € Z>; and a € R,

(35) {[x1 % *xm] | X1, ., xm €, x1) +- -+ (xm) <a}

is a basis of HIR(24, 29).

We fix a trivialization h: Og, X (Ko U K1) — N, such that h(w, po) = po + (0, w) and h(w, p1) =
p1 + (—w,0) for every w € O, C R9. (The orientations of Ko and K; are chosen so that this map

preserves orientations.)

Suppose that a € R>o \ £(Ko U K1) (=R>0 \ Z>1). In the following series of three lemmas, we will
observe the chains f} s(x) for each x € ¥. Hereafter, we assume that (g, §) € 7, is standard with respect
to & (see Section 4.4.3).

Lemma 5.3 Fori # |,
fl,S(xiO,j) =0, f1,8(xil,j) = fl,S(iil,j) =0.

Proof For (p, p’) € K; x K; with i # j such that either p = p; or p’ = p;, ¢(p, p’) satisfies condition
(iii) of Lemma 3.12 for m = k = 1. The equations follow from Lemma 3.12. O

Lemma 5.4 Fori € {0, 1}, there exist y}; € CR(x372¢ %9) and y? € CgR(E§+28, %9) such that

1 1 0 0
8yo,o = fl,b’(xo,o) —Xo,1 *X1,0

1 1 d.o 0
Iy = Sr,s(x1,) — (DX g * xq 1,

(36) _
3)’3,0 = f1,8 (x(%,o) - (X(%,l * x?,o + (—1)dxé,1 * x(l),O)’
3)’%,1 = f1,8(xf,1) - ((—l)dﬂ,o * x(()),l + x%,o * x8,1)a
and
37) (fis+ D0l =0, (fis+ (=D f5)(03) =0.

Proof We only show the existence of yg,o and yé’o. Replacing (Ko, po) by (K1, p1), yil and yll,1 are
constructed in a parallel way, except for the difference of signs.

Since (e, d) is standard, § has the form (31). Using the notation of (13), we can write f} s (xg,o) =
[W1, @1, 81], where

Wi ={((p, '), t,v) € (Ko x Ko) xR x Ng | 26 <t < 1=2¢, (1 —7)p +tp' = v},
®1: W1 = 237, ((p, p'). T, v) = coni(e(p, p), (1,7), Ye (v)),
1€ Q?(Wl)’ CD((p.p).rw) = Pe(1.T) + (ha (Ve X 1))y.

N is a disjoint union of /(0g x Ko) and /(0g x K1). Corresponding to this division, we define W :=
{(p,p),t,v)eWy |veh(O,x K;)} fori =0,1. If ((p, p’), T, v) € Wy, then T satisfies condition (ii)
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Zy

Figure 3: The path ¢(p, péw p)). The gray region is the tubular neighborhood N, of Ko U K.

of Lemma 3.12, so [Wy, ®1,{1] =0€ Cglil(Eg”Lze, %9). For ((p, p'), 7, v) € W/, we have ps(1,7) = 1.
Moreover, there is an diffeomorphism
I:0x Ko — Wll’ (w’ P) = ((P» pEw,p))7 |P _h(w7 P1)|, h(w7 Pl))
Here péw » € Ko\ {p} is determined by h(w, p1) € Im(p(p, pzw p))), as described in Figure 3. The
diffeomorphism 7 preserves orientations and 7*{; = vg x 1.
Likewise, we consider an explicit description of f} s (xé,o). Then
f1,5(x50) = [0c x Ko, @101, ve x 1] € CJ} | (2312, £9),
f1,8(x0.0) = [0 x {po}, @10 I, x{po}- Ve x 1] € C{R(Z3+2%, £9).
Let us define ®;: R x (05 x Ko) — E§+28 as follows: Choose a C* function x: R — [0, 1] such that
k() =0if s < % and x(s) = 1if s > 1. For s > %, we define @ (s, (w, p) 1= ®1 0 I(k(s) - w, p).
Then the first path (resp. the second path) of ®, (% (w, p)) is equal to ¢(p, p1) (resp. ¢(p1,—p)) up to
a reparametrization, so we define (s, (w, p)) fors < % by interpolating the parametrizations so that
®(s. (. p)) = (¢(p. p1). ¢(p1.—p)) for s < 0. Now we define
Fo.0:= (=DI[R x (0, x Kg), @1,y x (ve x 1)] € CR(£372¢, 59,
Vo0 7= (DR % (G x {po}). D1 lRx(ox{pop+ X X (s x D] € C{R(E3727, £9),
where y: R — [0, 1] is a C*® function with compact support such that y = 1 on [0, 1].

From the constructions of )7(% o and )76 o» We can compute their boundary chains as follows: Let us introduce

two maps ¢g: Ko — Kox Ko: p+> (p,—p) and 12: Ko x Ko — E%+28, (p. P (o(p, p1), 0(p1, p)).
Then

56,0 = J1.5(x5.0) — (22)x[0c X Ko. @0 0 priy. vel = f1,5(x5.0) — (12)x[#0(Ko). tgo(Ko)- 1.
50,0 = S1,6(x0.0) — (22)x[0c X {Po}. 00 0 Pry po1- Ve X 1] = f1,5(xg.0) — (12) [{00(P0)}. tio(po)t- 11-

Here we used the condition that f©£ e = 1. Moreover, we can check from the definition that @ (s, (w, p))
satisfies condition (iii) of Lemma 3.12 form =2 and k =1, 2. Therefore, fj s ()7&0) =0and fi s ()73,0) =0
hold for k =1, 2.
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As homology classes in H:ing (Ko x Kp),
[po(Ko)] = [Ko x {po}] + (=1)?[{ po} x Ko] € H}" (Ko x Ko),
{@o(po)}] = [{(po. po)}] € Hy"™ (Ko x Ko).

Therefore, by Lemma 5.2, there exist 2330 € CgR(KO X Ko) and 23,0 € CfR(KO X Kg) such that

823,0 = [90(Ko). tgo(io): 11— ([Ko X {Po}: tkioxtpo} 11 + (=D [{po} X Ko, tipoyxkos 1)
929,0 = [{20(P0)}- Lgo(poyy- 11— [{(Po. PO} L(po, poy- 11-
It is clear from the definition of each x € & that
(22)+[Ko X {Po}: tkox{po}- 1] = X1 * X7 0.
([2)x[{Po} X Ko, Lpoixko- 11 = Xg.1 * X7 0. (22)x[{(Po. P0)}. ti(po,poyy- 1= X0.1 * X1 0.
Therefore, y&o = )73’0 + (Zz)*zg,o € Cc‘lIR(Eg"'zg, %9) and y(}’o = )73’0 + (Zz)*zé,o e CR(2312¢, 29)

satisfy the first and the second equations of (36). Moreover, any path in the image of 7, satisfies condition
(iii) of Lemma 3.12 for m = 2 and k = 1, 2. Therefore, fi s ((iz)*zggo) =0and fis ((72)*26,0) =0 hold

for k = 1,2, and thus yg,o and y&’o satisfy (37). O
Lemma 5.5 There exist y%}l, yio € C§§_1(23+28, %9) such that

(38) 051 = fis(d0) 7o = fis(xio)

and

(39) (fi5+ D L)06D =0, (fis+ DY Lo i) =0.

Proof We only show the existence of y&l. Exchanging K¢ and K1, yio is constructed in a parallel way.

Since (g, d) is standard, § has the form (31). Using the notation of (13), we can write f] s (xg,l) =
[W1, @1, {1], where

Wi ={((p.p).t.v) € (Ko x K1) xRx N |2¢e <t <1-2¢,(1—1)p+1p =0},
ch : Wl - 234_28’ ((P’ P/)’ T, U) = COHI(‘P(Ps P/)’ (1’ T)v Wa(v)),
G eI, CDpp)ew) = Pe(1,T) - (rave X 1))y,

If p € Ky is sufficiently close to pg, then ¢(p, p’) satisfies condition (iii) of Lemma 3.12 for any p’ € K.
Symmetrically, if p’ € K is sufficiently close to pi, then ¢(p, p’) satisfies the same condition for any
p € Ko. See Figure 4. Therefore, for any bump function b: Ko x K1 — R whose support is localized
near (Ko x {p1}) U ({po} x K1), we have [W7, ®1, ;] = 0 for

G eQLMN),  EDppew) = b, P)) - pe(1,7) - (s (ve X 1)y

We remark that [Wy, @1, ¢] is an explicit description (13) of f1 s([Ko % K1, ¢|kyxk;, b))
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Z

/

Figure 4: The path ¢(p, p’) when p is close to pg or p’ is close to p;. The gray region is the
tubular neighborhood N, of Ko U K;

Now we choose b so that it is constant to 1 on a neighborhood of (Ko x {p1}) U ({po} X K1). Then the
above computation shows that

J1.5(5.1) = f1,6((Ko x K1.@|koxk;. 1 —b)) + f1,5([Ko % K1, 9| Koxk, - b))
= f1.6((Ko x K1, 0l gyxk; 1= bl <k
where K for i =0, 1 is the complement of a small closed ball containing p;. Since K(x K7 is contractible,
there exists a map R: R x Kj x K| — K{, x K| such that R(s,-) = idg;x g7 fors = 1 and R(s. ) is
constant to some point in K x K for s < 0. Using the function x in the proof of Lemma 5.4, let us
define a chain

xo 1 i=[Rx(KygxKj),¢oR, yx(1 — bl =k € 8 (23726, 29).
This chain satisfies
9% 1 = [Ko x K1, ¢l kyxky» 1= blggk;] + [R X (Ko x K7), 90 R, x x dbl gy k1))
Note that [K( x K7, ¢ 0 R(0,-),1— blg;xk:] = 0 since g o R(0, ) is constant. The second chain of the
right-hand side is mapped by f; 5 to O since the support of db is localized near (Ko x {p1}) U ({po} x K1).
Now we define y&l = fis (i(%,l) € C;dR 1(E§+28, Eg). Then the first equation of (38) holds since

Byg’l = f1. (8)?&1) = f1.5 (x(%,1)- The first equation (39) follows from ( f; s + (-1)4 f2.8)0 fis=0
(see the proof of Proposition 4.1). |
Step 2 We define a function [: € U% U€ — R~ ¢ by
_ 2 ifi=j

0 1 1 CL 1 2 2 2 ,
((c; ;) =W j)=Uc; ;)=1 fori##], ((c; i) =2, ((ci ) =Ud; ;) =Wej ;)= 3 ifi .
For every a € R~ \ £(Ko U K1), let A% be an R-subspace of &dHOpf spanned by words of elements in
% U % U € such that the sum of the values of [ is less than a. Then (0 + F)(d5%) C 5%, so we get a
subcomplex (A5%,0+ F).
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We continue to use (g, §) € I, which is standard with respect to 4. The second step is to construct a
chain map from (A4;%,d+ F) to (C~%(e), Dg), and prove that it is a quasi-isomorphism.

Let ylll and yl.2 j be the chains of Lemmas 5.4 and 5.5, which depend on (g, §). We define a linear map
O AT — CS%(e) such that

(£,8)"
L) =X, Py =xr, @il @) =5, fori# ),
2 1
(40) (83)(611) ',i’ (88)(Clj) Xij (58)(dll) Vi
(8 5)(d )= yl',j’ (85)(61 )= 8yi,i’ (e, 5)(31 ]) ayl NE

and extend them naturally by the product map on &Q*OP and the x-operation.
Proposition 5.6 dD( ) s a chain map from (A5, 0+ F) to (CS%e), Dg).

Proof This follows immediately from the series of three lemmas in Step 1. For each £ € € U9 U €,

Dso CI>(<8"5)(§) =@+ F)o CI>(<8"5)(§) is proved by

. Lemma531f§—cl], llj, . withi # j;
e the equations (36) if § = ¢;, l,clzl ;
¢ the equations (38) if £ = c. ; with i ;é VE
o the equations (37) if £ =d., d? e?

ll’ ll’ ll’ ll’
¢ the equations (39) if £ = dl e Wlthl #£J. |

Therefore, we have a linear map on the homology groups

(@é‘f(g))*: Hy(AS4, 0+ F) — H:%(e,6).
Proposition 5.7 (CIJéf‘s))* is an isomorphism.

Proof We introduce a function m: € U% U € — Zx>; such that m(€) = {1} and m(2) = m(€) = {2}.
For every m € Zxy, let sd5%(m) be an R-subspace of «d5¢ generated by words of elements of 6 U% U €
such that the sum of the values of m is equal to m. (When m = 0, sd5%(0) := R - 1.) Then the chain
complex (454, 0+ F) is filtered by subcomplexes {4, } ez defined by 65 := B, _, 45 (m). Let
us consider the spectral sequence determined by this filtration. The (—m, g)-term for m > 0 of its first
page is given by

Hyom (A3 (m). 0) = Hg—m (A4 (m,€), 0) = g, (m,€).

Here, A% (m,6) := dA:%(m) N A« (€) and the first isomorphism is induced by restricting the quasi-
1somorphlsms (33). <I>(e3 5) preserves the filtrations {9, pez and {F %} pez. The induced map on the
—m™ column for m > 0 of the first page has the form

(D5)x: Al (m, €) — HER (St 5,
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This map is an isomorphism since the basis {¢1---¢m | ¢1,...,cm € €, l(c1) + -+ + Wcm) < a} of
AsE, (m,8) is mapped to the basis (35). In the —m™ column for m < 0, (@é“s))* is a map between the
zero vector spaces. The proposition now follows from Lemma 4.2. |

Step 3 The last step is to show that the family of maps
{(CD(E“S))* |a € Roo\ L(K), (&,8) € T, is standard with respect to h}

induces an isomorphism on the limit of ¢ — 0 and a — oo.

Lemma 5.8 For (¢,6), (¢/,§') € T, with ¢’ < & which are standard with respect to h,

k(er.69.e.8) © (P 51))x = (Pl %

Proof We have defined CI>(<8"‘5) by the chains { yl.l’l., yi% j }, which depends on (g,§). As notation, let

(L), (v? ;)'} be the corresponding chains constructed from (¢, §’), by which o 57 is defined.

We take (2, 8) € T, satisfying (24) for (¢, §) and (¢/, §’). We may assume that it is standard with respect
to &, and thus € = &. As in Lemma 5.3, f_l 5((x)) = 0 holds for x = x?j,xilj,iilj with i # j,
where 7 is the map (17). We claim that there exist [—1, 1]-modeled chains )7ill. € EI‘IR(Z?"Z&, Eg),
yii € EgR(E?ZS, x9) and )71'2/' € C_’gR(Engzs, ¥9) with i # j which satisfy the following equations:

e the variants of the equations (36), (37), (38) and (39) determined by replacing { yl.ll-, in Iz Sk, %}
by {5}, 57+ fr 5> *) and x € & by 7(x);
o e+)7i1,i = yl-lyl-, e+)7i2,j = yiz’j, e—)_’l-l,i = (je’,e)*(yil,i)/, and e_);iz’j = (je’,a)*(yiz,j)/-

This claim is proved by rewriting the proofs of Lemmas 5.4 and 5.5 for [—1, 1]-modeled chains. We omit

the proof.

We define a linear map ®59: 5% — C,~%(¢) as in (40) by replacing x € ¥ by 7(x) and { yl.l’l., yl.z’ ;1 by
{y l.ll. , )7l.2 j }, and extend naturally by the product on &QI,;IOpf and the x-operation. The former equations about
)71.11. and )_’izj ensure that @3¢ is a chain map from (5%, 9 + F) to (C;%(e), 53), as in Proposition 5.6.
The latter equations about yill- and )71.% ; ensure the commutativity of the diagram

H% (. 6)

(D)«

Hi(AS, 3+ F) ——— HZ%Ge, 8) ke 6).0.8)

f(&g),,
(¢?€/'5/))*

HZ%(&,8) |

(Pf.5))
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Therefore, the family of maps {(CIDé"S))* | (¢,8) € T, is standard with respect to /} induces an isomor-
phism on the limit of ¢ — 0,

O Hy(AZ, 0+ F) > HE4 (R Ko UK))

for every a € R \ £(Ko U K1). Moreover, {®5%},er_,\¢(K,Uk,) is naturally compatible with
{1+:b, <p and the family of linear maps

(Hy(AT9, 0+ F) — Ho(AZ2, 0+ F)lazsp

which is induced by the inclusion map 4% — sd=?. Therefore, on the limit of ¢ — oo, we obtain an
isomorphism

H*(&ﬁliopf,a—FF) = h_r)n H*(&ﬂ:“,EH—F) N Hitring(RZd_l,K()UKl).

a—>o0

This finishes the proof of Theorem 5.1.
5.2 Computation of H:"™8(R29-1, Ko U K;)
We define o4k := o, (€") by the set
¢ = {Clp,j}iaéj U{c;}i U {Cil,j,fil,j}i;éj U{c}i
where i and j run over {0, 2}. The degree of each element is given by
P l=d=2, e} l=le};1=1¢] ;1=2d =3 fori#j. |c}]|=2d-3, |c};|=3d—4.

(Obviously, there exists an isomorphism s+ (€) = A"k a5 graded R-algebras.) We define a graded
derivation 9 := 0: gunink sﬁ‘fﬂi{‘k. For a differential graded algebra (s43""% 3), we have the following

result.
Theorem 5.9 There exists an isomorphism of graded R -algebras
Ho(s430%9) = HI™ (R4 Ko U Ko).
To compute Himng (R29-1 Ky U Ky), we fix auxiliary data such that g is the standard Riemannian
metric on R29~1 The constant Cy is required to be Cy > \/W The other data, g9 and u, are not

specified. The strategy of the proof is the same as for Theorem 5.1, but it is much more simple. We only
give the outline of each step.

Step 1 We may assume that |z| > 2. Let us fix points pg := (0, 1,0) € Ko and p; := (0, 1,z5) € K>,
and define submanifolds of (Ko U K»)?,

Koo :={(p.p") € Kox Kz | p'=p+(0,0,25)}, Kzo:={(p.p") € KaxKo|p'=p—1(0,0,23)}.

Let ¢: (Ko U K5)? — QKoUK> (RZd—l) be the map defined as in Section 5.1 by replacing K; by K>.
Then we define the set of chains

. 0 1 1 =1 2
&= {xi,j}i;éj Ux; ;}i U{xi,j’xi,j}i#j U{xi,j}i,j’
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where i and j run over {0 2}, as follows:

=U(pi. )} @lips.pyy- 11 € CER(ES. B if (0 # ).
[{pl}xK,,gokp,}xK 1JeCR, (21 2Y),
= [Ki,j.olk; ;. 1] € CR (ZF, £9) it (i #J),
= [K; x{p,}sole{p,},lleC;}Rl(E“, 5 i G # ),
= [Ki x Kj, ¢l;xk; . 1] € Cyg_, (2, Z9).
Here, a > \/W. If we define [: %' — R~ by
(x) ) =1x ) =1z3] and (& ;) =1(x7;)= VI[P +4 fori# ) (x} ) =1(x7)) =2,

then each x € ¥’ satisfies x € CdR(El(xHe %9) for any & > 0. Furthermore, a basis of HIR(X%, £9)
for a € R~ and m € Z>1 is given by the set of homology classes

{xp %o xxm] | X10- s xm €X', U(xy) + -+ [(xm) < a}.
The reason this case is simpler is the following: for any x € ¥’ and (e, §) € T, with a > [(x), the equation
fis() =0e Rz, 59)

holds since the path ¢(p, p’) satisfies condition (iii) of Lemma 3.12 for any (p, p’) € (Ko U K3)? (see
Lemma 5.3).

Step 2 There exists a bijection ¢’ — %’ which maps ck to xkj and x jto c ; for k €{0,1,2} and

i,j €1{0,2}. Composing [: ¥ — R~ with this bl]CCthl’l, a function [: C@ — R>0 is defined. Similar
to sA5°P", squnlink g filtered by subcomplexes (459, 9) for all @ € Roq \ £(Ko U K») which is defined by
using [: 6" — R~y.

Now &74: 5% — C%(e) is defined so that ¢ € €’ is mapped to x € ¥’ which corresponds to ¢ via the
above bijection, and extended naturally via the product map on #Y""* and the x-operation. It is clear
in this case that ®;¢ is a chain map from (45,9 = 0) to (CS%(¢), Ds). The fact that this map is a

quasi-isomorphism is proved by a similar argument as in Proposition 5.7 about spectral sequences.

Step 3 We check that the family of maps (®5%)+ induces an isomorphism on the limit of ¢ — 0 and
a — oo. This finishes the proof of Theorem 5.9.

5.3 A corollary and its potential application
The next result is a corollary from the above computations
Corollary 5.10 As graded R-algebras,
HIME R Ko U K1) 2 HIME (R Ko U Ka).
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Proof From Theorems 5.1 and 5.9, it suffices to show that H., (&ﬁ,}kbpf, d + F) is not isomorphic to
AUk a5 4 graded R-algebra. Let us rewrite (cg’1 , c?,O, e(l)’o, e}’l) by (ag, a1, bo, by) and (cg’z, 03,0) by

(a(), a/l) In addition, we define Cy := bg + agaq and C;1 := by + (—l)dalao.
Ifd =2, Hy (sﬂik’p Lo+ F ) is the a priori noncommutative R-algebra generated by {ag, a1, bg, b1 } modulo
the ideal generated by {b¢, b1, Co, C1}. This is isomorphic to the commutative algebra Rlag, a1]/(aoa1).

On the other hand, &d‘é“““k is the noncommutative algebra freely generated by {ag,a}}. Therefore,
Hy (&ﬁ,},}()pf, 0+ F) &£ &ﬁ‘(l)“n“k as R-algebras.

If d > 3, the lower-degree parts are isomorphic as vector spaces. Indeed, for p <2d —5,

R if p=0,
Hp (A3, 0+ F) 2 o8 = {Rag @ Ray if p=d -2,
0 otherwise.
However, sz_4(&d,}:°pf, 0+ F) is the R-vector space spanned by {a;a; | i, j €{0,1}}U{bg, b1} modulo
the subspace generated by {bg, b1, Co, C1}, so its dimension is equal to 2. On the other hand, s&‘é‘l}iﬂ‘z
is the R-vector space spanned by {al/.a} | i,j € {0, 1}}, so its dimension is equal to 4. Therefore,
Hyy_4 (&fl,},}Opf, 0+ F) &£ &Q%‘Eﬁ as R-vector spaces. |

Let us see a potential application of this result. First we determine spin structures on unit conormal
bundles

Proposition 5.11 Let Q be an n-dimensional Riemannian manifold with a fixed spin structure. Then,
for every submanifold K in Q, we can assign a spin structure on its unit conormal bundle A g so that, if
K is isotopic to K’ as a submanifold in Q, then Ak is isotopic to Ak as a Legendrian submanifold with

a spin structure.

Proof Let us identify 7*Q with TQ via the Riemannian metric. We also identify Q with the zero
section of TQ. Let Lk be the conormal bundle of K. Note that the tangent space of TQ at (¢,0) € Q is
equal to 7, Q & T, Q, where the first component is the tangent space of the base space Q, and the second
component is the tangent space of the fiber 7;; Q. For every g € K, T(4,0)(Lx) = T4 K & (T4 K L. Thus
the vector bundle 7' (Lg)|g has a spin structure induced by TQ|g. Since K is a deformation retract
of Lk, this spin structure is extended to 7T(Lg). By using the diffeomorphism R-o x Ax — Lg \ K,
(r,(q,p)) — (q,r - p), we can determine a spin structure on 7(Ag) such that the spin structure on
R @ T Ak, induced by the inclusion map Spin(2n — 1) — Spin(2n), is equal to the spin structure on
T(Lk)|ar 2R®TAk. This spin structure on A g for every submanifold K clearly satisfies the condition
of this proposition. |

Let us consider the unit conormal bundles of Ko U K; and Ko U K>.

Proposition 5.12  As a (2d —2)-dimensional submanifold of UT*R22~1 with the spin structure deter-
mined by Proposition 5.11, Ag,uk, is isotopic to Ak, UK, -
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Proof For s € [0, 1], we define K7 := {g + (0,25,0) € R24-1 | g € K;}. We also choose a C®
function [0, 1] — [0, 7], s > O, such that 6y = 01 = 0 and 0, = %, and define Ry € SO(2d — 1) for
s €[0, 1] by Rs(vg, v1, v2) := ((cos O5)vo—(sin Os)v,, vy, (sin s )vg+ (cos b5 )vy) for every (vo, v, v2) €
R4~1 x R x R?~1. We then define an isotopy (As)sefo.1] from Ago = Ak, to Ag1 by

As:={(q.p) eUT*R**~" |q € Ky, po Ry|y g1 =0}

As intersects A, if and only if s = 3, and A1/» N Ak, = Ag, NU T, R?4~1 where po = (0.1,0) €
R24-1, We can slightly perturb (A)se[o,1] around s = % to an isotopy (A§)sefo,1] such that A’ does not
intersect Ak, for every s € [0, 1]. This isotopy is homotopic to an isotopy (A Kf) sefo,1]» Which preserves
the spin structure of Proposition 5.11. In addition, Ko U K 11 is isotopic to Ko U K>3 in R24=1 Therefore,
as a C*° submanifold with a spin structure, Ag, U A, is isotopic to Ag, U Ag,. |

If Conjecture 1.4 in the introduction is true, then Corollary 5.10 can be applied to show that the unit
conormal bundle A k,uk, is not isotopic to Ag,uk, as a Legendrian submanifold with a spin structure in
UT*R2471, though they are isotopic as C *° submanifolds with spin structures by the above proposition.

6 Cord algebra and H;tring(Q, K)

Throughout this section, we consider the case where the codimension of K is 2 (ie d = 2) and the normal
bundle (TK)> is trivial. The purpose is to show that Hgmng(Q, K) is isomorphic to an isotopy invariant
of K, called cord algebra.

6.1 Cord algebra and string homology
In this section, we refer to [6; 19] and give a definition of cord algebra and string homology. Note that, in

this paper, their coefficients are reduced from the original Z[m1(dNg,)] to R.

We fix a frame of (TK)* to give an isomorphism R2 x K 2~ (TK)' of vector bundles over K which
preserves their fiber metrics and orientations. Combining with the map (3), we obtain a diffeomorphism

h:0gy x K — Ng,,
which preserves orientations. Here, O; = {w € R? | |[w| < ¢} for every & < £, as defined in Section 4.4.3.

First, we define an R-algebra Cord(Q, K; R). Its relation to the cord algebra defined in [6; 19] is discussed
later in Remark 6.2. Let us prepare some notation. We fix wg € Og, \ {0} and define a submanifold
disjoint from K,
K’ :={h(wo,x) | x € K} C Ng,.

For every x € K, we define ¢y : [0, 1] = Q \ K to be the constant path at 2(wg, x) € K. We also define
my:[0,1] — O\ K to be a loop in a punctured disk 2((Og, \ {0}) X {x}) C Ng, \ K based at h(wp, x) € K/,
whose winding number around /(0, x) is equal to 1. In addition, let 71 (Q \ K, K”) be the set of homotopy
classes of continuous paths y: [0, 1] = Q \ K such that y({0, 1}) C K".

Algebraic € Geometric Topology, Volume 25 (2025)



1014 Yukihiro Okamoto

Definition 6.1 Let s be the unital noncommutative R-algebra freely generated by the set 71 (Q \ K, K').
We define the two-sided ideal $ generated by the elements

[ex],  [y1-v2l =1[y1-mx-y2] = [v1lly2]

forall x € K and y;:[0,1] = Q \ K for j = 1,2 such that y; ({0, 1}) C K" and y1 (1) = h(wo, x) = y2(0).
Then we define an R-algebra Cord(Q, K;R) := /%, and call it the cord algebra of (Q, K).

Remark 6.2 When K is 1-dimensional and connected (ie K is an oriented knot in a 3-manifold Q), we
fix a basepoint x € K. A cord is a path y: [0, 1] — Q such that y ([0, 1])N K = & and y(0), y(1) € K"\ {*}.
The notion of cord algebra (or cord ring) of knots was defined in [6; 18; 19], for instance. The most
refined one is [6, Definition 2.6], which is defined as a noncommutative algebra over Z generated by the
set of homotopy classes of cords and {A*, ¥}, modulo the relations about {A%, u*} and the “skein
relations”. If we replace both A and p by 1 € Z and tensor this Z-algebra with R, we obtain an R-algebra
isomorphic to Cord(Q, K; R). (The isomorphism is induced by a natural map from the set of homotopy
classes of cords to 1 (Q \ K, K').)

We should also note that, in [19, Definition 2.1], the cord algebra over Z[H1(dNg,)] was defined when K
is a connected codimension 2 submanifold of an arbitrary manifold and its normal bundle is oriented.
In our setting, we have an isomorphism (A1), : H1(dNg,) — H1(S! x K) = H{(S') @ H1(K). There
exists a ring homomorphism ¢ : Z[H1(dNe,)] — R determined by ¢(/([S!])) = —1 and ¢(h«(c)) = 1
for every ¢ € H{(K). If the base change of the cord algebra of [19, Definition 2.1] is done by ¢, we
obtain an R-algebra isomorphic to Cord(Q, K; R).

Next, we refer to [6, Section 2.1] and define the string homology, which is simplified for our purpose. For
m e Zs>1,a € RsoU{oo} and p =0, 1, we define an R-subspace Cprh (m,a) C C;ing(Efn) consisting of
generic singular p-chains satisfying jet transversality conditions. (Recall that we have fixed a topology
of X% in Section 3.2.4.)

.....

conditions:

(0a) (yx)'(0), (yr) (Ty) ¢ TK for every k € {1,...,m}.
(Ob) yr(t) ¢ K forevery k € {1,...,m}and t # 0, T}.

In the case of p =1, C{h (m,a) is generated by 1-parameter families of paths
0.1] = =5, ur (g [0. T > Qi=1,...m-
such that [0, 1] = Rs, u > Tlg, is a C®° function and
e {(u, ) |0<u<1,0<t<T¥}—> Q
is a C® map for every k € {1, ..., m}, and satisfies the following conditions:
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(1) (yDk=1,..m and (y)k=1,...,m satisfy (0a)—(0b).

(Ib) (v¢ )'(0), (v ) (T{) ¢ TK for every u € [0, 1] and F"“ = Dl 0520, s is transverse to K for
every k € {1,...,m}.

(Ic) If (ux,tx), (ufk, tfk) € ]_[?Zl(f}im)_l(]() are distinct points, then uy # u/,.

Note that condition (1b) implies that (Fim)_l(K) is a finite set. In addition, we define Cprh ©0,a) :=
Smg(E ) fora € R>o U {oo} and p =0, 1.

By (1a), the boundary operator of the singular chain complex 9*": C lsmg(Efn) mg (X4) is restricted
to the map

0e: O m.a) > € m.a). R = Dk=tm = k=1

We also define a linear map f’h C‘h(m a) - Cm(m + 1,a) for m € Z> such that, for any 1-chain
x = 0.7 - 0 e com.a),

fkm(x):z Z sign(us, t) - (1" ... yp" l,yg*l,y:*z,yg_’i‘_l,...,y,';*).
(1) (T =1 (K)
Here

VZ*15= Vi 0,210 [0, 2] = O, )//1:*2 =y “liz.., T“*]( —1:): [0, T — 1] = O,

and sign(u«, 1+) € {&1} is the orientation sign of the open embedding into O, C R?

Fﬁber =prgzoh oI}

defined on a small neighborhood of (u«, ) € (F,im)_l(K ) C (0,1) x Rsg. For convenience, let us
define, for p ¢ {0, 1}, Cp’h(m,a) =0, 0" := 0: Cp‘h(m,a) — Cpm_l(m,a) and fk‘h =0: Cprh(m,a) —
Ch (m+1.a).

Fora e R~ U {oo} and m € Z>¢, we define the quotient vector space
C=m) := €L, @)/ C(m, 0).
Then 9% and S M induce linear maps
e < (m) > M), 0 CP A m) » U m 1),

Now we define the graded R-vector space
o0

ch=a.= P ch=(m).
m=0

th,<a

For each m € Z>¢, Cx >~ (m) is considered to be its linear subspace in a natural way. Then we define a
th,<a th,<a
- C,2" b

degree —1 map ph: Cy

m
(41) DM (x):="ex + ) f(x)
k=1
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Figure 5: The picture of y defined for (y)r=1 € X¢°.

C,Lh’<a Cﬂ\,<a

for x €
complex (C*[h = D’h). Let H,Lh *=% denote its homology group. In addition, for a, b € R>q U {oo} with

a < b, we define a linear map Jb: H,,Eh’<a — H,Lh’<b induced by the inclusion maps C;h(m, a) -

C,Lh(m,b) for all m € Z>y.

(m). For x € (0), the right-hand side is just equal to 3*™2x. Then we obtain a chain

Hrh,<a

*

In this section, we call H. Lh "= the string homology of (Q, K). Note that the direct limit lim
defined by {J a.b }a<p 1s isomorphic to H(')h *=%°_ Furthermore, HOrh "= has a associative product structure
induced by IT: X7° x X% — X Thus H(;h "= is a unital associative R-algebra, whose unit comes

" m+m’"
from x € C, "=(0).

The next proposition is essentially proved in [6, Proposition 2.9].

Proposition 6.3 As an R-algebra, Cord(Q, K; R) is isomorphic to H(r)h =0,

Proof For every homotopy class z € m1(Q \ K, K’), we choose a C*° path y which represents z. We
then define a path y as follows: for x¢, x; € K such that y(i) = h(wo, x;) fori € {0, 1},
h(t - wo, Xo) ifo<r<l,
y:10,3] = O, t—=yy(—1) ifl1<t<2,
h((3—1t)-wp,x1) if2<t<3.
We modify y to ¥ by a reparametrization so that (y)r—; € X{° and satisfies (0a) and (Ob). Then a

homomorphism of unital R-algebras
F:sl— H(;h’<°°

is defined so that z = [y] is mapped to [(})r=1]- From the definition of D™ it can be checked that F is
a well-defined surjection and maps the ideal $ into 0. Therefore, we obtain a surjective homomorphism
of unital R-algebras F: s4/$ — H(;h’<°°.

We prove that F is injective by describing its inverse map. For (y: [0, T] = Q)x=1 € X9 satisfying (0a)
and (Ob), let us define

h((1—=3t)-wgp, y(0)) if

y:[0,1]— 0, t—3SyQBTt-T) if

h((3t —2)-wp, y(T)) if

0<r=<1%,
1 2
3SI=3
Z<tr<I.
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Figure 6: The left-hand side describes the 1-chain ()/”)Zi[f ‘W such that sign(us, ) = +1 at
(Ux, t+) € (T™)"1(K). From the right-hand side, we can see that [y°] = [} - 7»] and [P!] =
[1 - my - P2] as elements of 71 (Q \ K, K').

As described in Figure 5, we change y into y by small perturbations inside N, around ¢ € {% %} so that
7 does not intersect K. We then obtain a homotopy class [p] € 71(Q \ K, K’). Note that, for any 9/ for
Jj = 1,2 from two choices of perturbations, there exist /o, /1 € {0, +1, —1} such that

[72] = [(my )" - 9" - (my(ry)'] € m1(Q \ K, K').

Here, (mx)! := my, (mx)? := cy, and (m,)~! denotes the inverse path of m,. (As a natural extension,
(my)! for I € Z is defined.) Thus, [7'] = [7?] as an element of {/9. If y € 9 (ie length y < &), then
[7] = [(mx)'] € 71(Q \ K, K’) for some x € K and [ € Z. In this case, [J] = 0 as an element of /9.
Therefore, we have a well-defined linear map

G:Ch=>_ a3, { PO
C™=%°(0) > 1 ~> the unit.

From the transversality condition (1b) together with (1c), it follows that Im D™ is mapped into 0. Indeed,
in a simple case, for ()/")Zi[?’l] € C{h(l, o0) such that (Flim)_l(K) = {(ux, tx)}, we can see that

[V1-mx - P2l = [V1- V2] + sign(us, 1) [71][72]  if sign(us, tx) = +1,

[V1-72] = [V1-mx - V2] + sign(us, 1) [71][72]  if sign(us, tx) = —1,

for x := y"*(t«), y1 := ¥**ljo,r,] and y2 := y"*|[, ,7us1(- — t+). Figure 6 describes the case where
sign(Us, t+) =+1. Thus G (Drh (()/“)Zi[?’l] ) =0e /9. Condition (1c) implies that the general case can
be reduced to this simple case. Therefore, we obtain a well-defined linear map G : H(;h "= 5 51/ 9. Finally,
for any [y] € m1(Q \ K, K’) such that y(i) = h(wo, x;) for i € {0, 1}, there exist [y, [y € {0, +1,—1}
such that

G(DM(x)) = {

G o F(lyD) = [(mxg)" -y - (mx )],
which is equal to [y] in /9. This implies that F is injective. a
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6.2 Connecting string homology and H:""8(Q, K)

The purpose of this section is to construct a linear map from H Lh %o HZ4(Q, K) foralla € Ro\ L(K).
On the limit of @ — oo, an R-algebra homomorphism from HM =% o H™(0, K) is defined. Before

constructing this map, we will prepare two things.

6.2.1 Preliminaries First, we define a map W which associates de Rham chains with singular chains.
Let k, y: R — [0, 1] be C*° functions such that:
e k(u)=0ifu <0and k(u) = 1if u > 1. In addition, ' (1) > 0if 0 <u < 1.
¢ x:R — [0, 1] has compact support and y(s) = 1 for every s € [0, 1].
For p € Z, a linear map
.M dR
V:Cy'(m,a) — C,o(Zy)
is defined by
V((Y)k=1,...m) = [0}, co, 1] if p=0,
V@ ) =Roen itp=1,

.....

=0 otherwise,

where cq is the constant map to (yx)k=1,..m and c1: R — X%, u ()/;;("))k=1,,,,,m. These maps
commute with boundary operators, namely

dow =Wode: CMm,a) > CR (24).

Next, we define a filtration {Cprh (m,a,&)}eso of Cprh (m,a). When p =0, C(;h (m,a,¢) is an R-subspace
generated by (yk: [0, Tx] = Q)k=1....m € X4, satisfying (0a)—(0b) and the following condition:

(Oc) There exists 7g € (0, g9/(5C)] such that y ([to, T — 10]) N N, = @ for every k € {1,...,m}.

In the case of p =1, C{h(m, a, ¢) is an R-subspace generated by (v} : [0, T)] — Q)Zi[?’.l..]m satisfying

(1a)—(1c) and the following conditions:

(Ad) (Yk=1...m and (¥)k=1,...m satisfy (0c).
(le) There exist 79 € (0, &9/(5Cp)] and an open neighborhood Uy, ,,) for each (ux, 1) € (F]im)_l(K)
fork =1,...,m such that

(s, 1) € Uy 1) CHu, 1) [0 <u < 1,79 <t < Ty — 10},

and the following hold:
(le-1) Up ) CHu 0) ||t —14] < 70}
(le-2) For any two distinct points (Ux, tx), (U, t}) € ]_[Z’=1(F]im)_1(K ), the projections of the sets
Uyt) Uil i) C [0,1] x R to [0, 1],

Pr10,11(Uun.12))s Prj0,11 (U, 1)) € [0, 1],
are disjoint.
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(1e-3) Forevery k € {1,...,m},

(Tl gu,)roze <T—70) ™ (Ne) = U U t)-
(s, 1) €M) 1K)

Moreover, for each (ux, tx) € (™) 71(K),
5™ Uty = O
is a diffeomorphism. (Recall that ['*" = prg> 0 h™! o Ij.)
In addition, we define Cpm(m,a,e) = Cp‘h(m,a) if p¢{0,1} orm =0.

Roughly speaking, (Oc) means that y (¢) is far from K by a distance at least %8, except when ¢ is close
to {0, Ty }. Condition (le) means that y;/(7) is far from K by a distance at least %8, except when ¢ is
close to {0, T;'} or when (u, 1) is close to some point in (F,i“‘)_l(l( ). Note that, when 0 < &’ < ¢, we
have C,Lh(m,a, g) C C,Lh(m,a,e/), and

(42) UCf(m,a,s):Cﬂ”(m,a).
e>0
Moreover, 9*"¢ and fkrh fork =1,..., m are restricted to linear maps

asine; C,Lh(m,a,e) — C;h_l(m,a, g), fk‘h: Cih(m,a, g) — C,Lh_l(m +1,a,¢).
For every ¢ > 0, we define C,Lh’<a(m, €)= C,Lh(m,a, 8)/Cf‘(m, 0, ¢) and

o0
ch=a(e):= @ cM=(m.e).

m=0

A linear map Déhz C,Lh =) —>C M, <a (e) is defined by the same form as (41). Then we obtain a chain

*—1

complex (C<4(e), DM). Let H<%(¢) denote its homology. When 0 < &’ < &, the inclusion maps
C,Lh(m,a,e) — C,Lh(m,a, ¢') for all m € Z > induce a linear map

le.o: HM<%(e) > HM=2(¢),
and we have a direct system ({H Lh =4 () om0, {1 e, 8/}626/). From the relation (42), we have

lim H(e) = H=.

e—>0
6.2.2 Construction of the chain map With the above preparations, we consider the maps
Cprh(m,a, g) — C;R(ngmg), x> ¥(x), formeZso

for ¢ € (0,e9/(5Cy)]. They induce a linear map from Clh =%(g) to C~%(e), but this is not a chain map.
In order to fill in the gap, we need to prove the following lemma for a € R~ ¢ \ L(K).
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Lemma 6.4 Suppose that (¢, §) € T, is standard with respect to h. Then, form € Z>1 andk € {1, ..., m},

there exists a linear map
.M dR +(m+1
Oke): CMm,a,e) > CIR (s

such that the following hold for any x € C l’h (m,a,e):

D) 30k, e.8) (X)) — (fi5 0 W(x) —Wo f(x)) € CR(EY, ).
(i) fis (ok,(gjg)(x)) € CgR(Efn_H) foreveryl e {1,...,m+ 1}.

u€fo,1]

Proof It suffices to define o (¢,8)(x) for x = (y;');—; ,, satisfying (1a),...,(1e). The proof is divided

.....

into three steps: We define de Rham chains in the first two steps. In the last step, ok (¢,5)(x) is defined as
the sum of these chains and we check conditions (i) and (ii).

Step 1 From the definitions of ¥ and fkm,
Ses oW —Wo f(x) = fis(W(x) - 3 Sign (. 1) - [{0}. o (1. 1), 11,
(s, 1) €M) 1K)
where cq(ux, t«) is a constant map to ()/f*, el y/;;\*l, )//k”\*z, e )/,'ﬁ,*). Since (¢, §) is standard, it has the
form (31). Using the notation of (13), we can explicitly write f; s(V(x)) = [Wi, Pk, {x], where
Wi ={(u,7,v) ERxRx N, |2e <1< T,f“(u) —2e, y,f“(u)(t) =0{(0)},

Op: Wy — ZEEOTVE 1 vy s cong (1 )12t s (T, 1), (),

G € Q2Wh), ) aew) = pe(T ¥, 1) () - (ha(ve X 1))y

Recall condition (1e-3) and note that o7 (0) = v. We define Wi:=WeN{rg<t< T,f“ ) _ 70}. Then

Wk - U U(u*’t*)’ (u’ T’ v) = (/"L(u)v T)’
(u*at*)e(r}im)il(K)

is an orientation-preserving diffeomorphism. Moreover, pE(Tk‘f(“), 7). x(u) = 1 for (u, t,v) € Wi. On
the other hand, it follows from (le-1) and Lemma 3.12 that & (u, 7,v) € E:(v)1+1 for (u, t,v) € Wi \ Wg.
Therefore,

Jies(W(x)) - > s t2) Pty Sl tny] = Sies (V) = Wi, Oelip - Skl ]
(s )@ —1(K)
e CSR (25,1 0),
where
Dy 1y Uty = S 0 cong (V) i=1 . (T D Ve (1 (D)),
S ) = T Ui ay) (i (ve X 1)) € Q2 (U, 1,)-
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As aresult, fy soW(x)—Wo fkrh (x) is equal to the chain
(43) Yo (Ut Py Sl iy) = SiZn00x, 1) - [10}, coux, 1), 1])
(s 1) €T~ (K)
modulo CSR(E%_H).
For each (ux,tx) € (l"]im)_1 (K), consider a diffeomorphism
I = prpaoh ™o F]im|U(u*,t*) ‘Ut — 06
and a scalar multiplication my: O — O, w — k(s) - w, for s € R. We define a deformation retraction to
{(ux, 15)},
RX U, ) = Unrn), (8., 7)) = (ug, 75) 1= (I’,fber)_1 omg o (F,fber)(u, 7).
Now we define a map,

~ +(m+1
/(u*’t*): RxUg, 1) — E?ﬂJr(in )8’ (s,(u, 7)) > CID/(M*J*)(MS, Tg),

and the de Rham chain

~ +(m+1
0p 1= > [R X Utuy.t)> Plary 1030 X X Slus )] € CIR(zatmtDey
(u*at*)e(r}im)il(K)
Ifs>1, 5)’(u*’t*)(s, (u,7)) = dD’(u*J*)(u, 7). If s <0, CTD/(M*J*)(S, (u, 7)) is constant to

(ry™, ..,)/;;*l,yg*z, e yir) =g (U, Bx),

which is defined by (12) for yx = y,*, (T, 1) = (T, tx) and 0; : [0, 3] — {¥"* (1+)} C Q. Therefore,
the boundary chain 80]1C is equal to

Z ([U(u*’t*)’ cpl(u*,l*)’ é‘éu*:l*)] B |:{O}’ C(,)(u*’ t*)’ /;]

(u*,t*)E(Fli(m)_l(K) (U %)

(T)* (he(ve 1))]).

Since f@g ve = 1, we can compute that

/ T)*(he(vg x 1)) = / (Wl oTp)*(vex 1) = / (TPr)* vy = sign(ux, ts) € {£1}.
Utus.t4) Uus,t4)

U(u* k)
Thus,

@4 o) = Z (e s Ploss ity Sl i) — 1200, 1) - [{0}, €6 (1, 24), 1]).
(1) €T~ (K)

Step 2 For each (ux,t4) € (1",;‘“)_1 (K), cg(ux, tx) coincides with co (1, tx) up to reparametrizations
of the k™ and (k+1)* paths. We define by interpolating parametrizations

. a+(m+1)e u u “uxl 1 “us2 2 . u
c1(Ux, 1)1 [0, 1] — X 1 s S Y VR O VT OGS Vs V)
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so that ¢1 (U, 1x)(0) = co(ux, t+) and c1 (U, ) (1) = ¢ (ux, t+). Then we obtain a chain
O%M*;t*) = [R’ ! (u*’ t*) oK, X] € Cin(Efn—:‘(;n—i_l)e)’
which satisfies B(O%M*’t*)) = [{0}, co(ux, 14), 1] — [{0}, co (. tx), 1].
Step 3 We define a chain
Ok, (6,8)(X) = o,lc + Z sign(U s, Z*)-O%u*’t*).
(1) €T ~1(K))
From (44), 0(0k,(¢,8)(x)) is equal to the chain of (43). Therefore, o 5(x) satisfies condition (i). Condition
(ii) can be checked as follows: From conditions (1e-2) and (1e-4), those paths in <I>/ ibe )(s (u,7)) and

c1(ux, tx)(s) satisfy condition (iii) of Lemma 3.12. Therefore, f s (Ok) and f s (o(u* t*)) belongs to
CoR(Z9, o) forl=1,....m+1. m|

For (e,8) € I, which is standard, we define a linear map QD( %) : Cy h, <a (e) = C=%(¢) such that, for

X € Cprh (m,a, ¢), the equivalence class [x] € C, M, <a (m, &) is mapped to
[ (x)] if p=0,
(8 5)([X]) = (W)= >k [0k, e.5)(X)] if p=1,
0 otherwise.

The two properties of ok (. s) show that <I>( ) is a chain map from (C,Lh’<a (e), Dgh) to (CS%(e), Dg).
Therefore, we obtain a linear map on homology,

(@5t HM=(e) — HI%(e.6).

6.2.3 Commutativity with transition maps We need to check the relation of ®:¢ 5 for {k (e 8),(e,8) o' <e¢

and {ls,a’}szs’-

Proposition 6.5 For (¢,6), (¢/,8) € T, with & < ¢ which are standard with respect to h, the following
diagram commutes:

@5%))
H ™ (6) " HE(e.5)

la.s/l k(e 57).c.8)
<a

(57 7))+
HI = () 07 grae, 5)
To prove this proposition, we return to the definition k(- 5/ (¢,5) = k(é 5) by (&,8) € T, satisfying (24)
for (g, 8) and (¢/,8'). We require (&, §) to be standard with respect to /, and thus & = &.
We set U :=70W: CMN(m,a) - CIR(24) for all m € Zso. Again, the induced map from cfh-<a () to
C.=%(e) is not a chain map. To fill in the gap, we need the following lemma.

Lemma 6.6 Form € Z>1 and k € {1,...,m}, suppose that we have taken maps ok (¢,5) and oy (o’ sy of
Lemma 6.4 for (¢, 8) and (¢', 8"). Then there exists a linear map

~ .t = +(m+1

Op.ed): CMm.a.e) > CR(zpt (07
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such that the following hold for any x € C rh(m a,e):
© 0 (o) — (fr50P(x) - Vo fh(x)) e CER(BY,, )
fl 500, (. 5)(x)) € CdR(Zm+2) foreveryl € {1,...,m+ 1}.
o (04 (0.5)(X)) = 0k (6,6)(x) and e— (0, 5(X)) = (Jer,e) % 0k (e,67) (X))
Proof We omit the detailed proof. Note that § has the form (32). For any X = (Vr)k=1

can compute explicitly that the chain f_k 50 U(x)— VYo fkrh (x) is equal to the sum of chains, for all
(s, 1) € (G 7H(K),

m» WE

.....

[R X U(u*,t*)7 CT),(u*,t*)’ (id]R21 X U(u*,t*)7 id]}gsi1 X U(u*,t*))’ Eéu*,t*)]
—sign(usx, 1) - [R, co(ux, tx), (AR, idr__,), 1]

RxUg, i) = R X yatmtie is determined by

modulo CgR(2Y, ., ;). Here @] M1

(Usests) "
Bl 1) 10, 0)) 1= (1 come (Vi (TR ), G, 4 (0)))

and (Eéu* t*)) = (idg x Flim|U(u*,,*))*(1 X flgr.e) € Q2R x Uu, 1))- The [—1, 1]-modeled chain o, ©.5)
is defined in a similar way as o (¢,5) in Lemma 6.4, and we can check that this chain satisfies the required

three conditions. O
Proof of Proposition 6.5 We define a linear map CI>(<“8)' ,Lh’<a () = C%(e) such that, for x €
Cp M<am,a, ¢), _ .
[W(x)] if p=0,
(D(<a5) [x]) = { [¥(x)] = Z;cn=1[5k,(8,g)(x)] if p=1,
0 otherwise.

The first two properties of 0, () show that this is a chain map from (Cih =% (e), Dgh) to (C-% ), D 5)
Therefore, we get a linear map on homology,

(B9 ),: HM<9(e) > HZ%e,$).

(&.8)
The third property of 0, (©.5) implies that the following diagram commutes:

(CI)S )« e.6)«=1d
ah<a(gy e a5y Ve T <, 5

m%

- Hz(e.5)
(eg,_)*
(¢’ .8 ) U p F)*
HI =) — 5 HEZa( 8) 0 HZ (e, (ioro)+)
The proposition is now proved since Kk, 5) = ((Je.e)x ' © (€s.+)%) 0 (Jore)x ' 0 (ec_)x) 7" .
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Leta € R5¢ \ £(K). Proposition 6.5 shows that the family of maps
{(@é‘%))* | (¢,8) € T4 is standard with respect to h}
induces a linear map on the limits of ¢ — 0,

<4 HM<? = lim H<%(e) - H7%(Q. K) = lim H%(c.§).

e—0 e—0

Naturally, those maps of {®=%},cr_\¢(k) commutes with {74 b H=4(0,K)— Hb (0, K)}4<p and
{(Job: H] h,<a — H, M, <b}a<b Therefore, on the limit of @ — oo, we have a linear map

®: HM 5 ge (o k).
Moreover, it is straightforward to check that ® is a homomorphism of unital R-algebras.
6.3 Proof of isomorphism

In this section, we prove that for every a € Rsg \ £(K), ®=¢ is an isomorphism in the 0™ degree. As an
immediate consequence, it is shown that the cord algebra of (Q, K) is isomorphic to Hgmng(Q, K).

For each m € Z >, let 8qmg C, M, <a (m) — C, h, <a (m) denote the singular boundary operator. We also
write
us) Wo.m: Coker e — HIR(2 50, [x] > [¥(x)],

Wy Ker ot > HR(Z2 £0) x> [W(x)].
Lemma 6.7 W s, is an isomorphism and W1 ,, is a surjection.

Proof Naturally, there are two maps
Coker 958 — Hy"8(£4,£9), Kerdop® — H "¢(z%,0).

induced by the inclusions Cm(m a) — Csmg(Z ) for p =0, 1. The subset of =%, (resp. C°([0, 1], %))
consisting of elements satisfying conditions (0a)—(0b) (resp. (1a)—(1c)) is open dense. This fact implies
that the first map is an isomorphism and the second map is a surjection. Then we consider the following
diagram for p =0, 1:

v, , .
Kpum _cem HdR(Ea %0) —> hmJ_)oO HSR(Bfn (27), B2 (27))
HI™(ze 50, - lim o Hy" (B (27), BY(2))

Here, Ko, := Coker 8,S,i,ng and K s, 1= Ker Bf,ifg. The left vertical map is defined as above. The right
vertical map is an isomorphism from Proposition 2.9. The horizontal maps are the isomorphisms of (6)
and (11). The commutativity follows from the definition of the right vertical map. See [15, Section 4.7].
Now the assertion of the lemma follows from the diagram. O
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For the chain complexes (C,£h <@ pM) and (C! M, <a (¢). D™), we define their filtrations {5} pez and
{%g,p}pez by
w0 = @ cM=am). w5 = P cM=m.e).
m>—p m>—p

Let EM<¢ and Eg M<@ 1o the spectral sequences determined by {%<“ }pez and {IC; “»ipez, respectively.
The (—m, g)-terms of their first pages are given by

Coker 8?}1ng ifg—m=0and m >0,
“m,q = | Ker Bi,i,"g ifg—m=1andm >0,

0 otherwise,

Coker 8?;,% ifg—m=0and m >0,
(Erh <’7‘)_,,,,‘] Ker 82’;,% ifg—m=1andm >0,

0 otherwise.

(Erh <a)

th,<a

Here 82”,1,% C (m,e) = C, h,<a (m 8) also denotes the singular boundary operator. If 0 < &’ < ¢, there

exists a morphism [, o E; , <a Ny o % induced by the inclusion maps C ,Lh(m, a,s) — C,Lh (m,a,é&)

Erh <a NErh <a

for all m € Z>¢. Naturally, hm 0

For (e, §) € T, which is standard with respect to /, the chain map ¢ (o.5) Preserves the filtrations {#; %} ez
and {%“ {pez, so it induces a morphism of spectral sequences

Note that, on the (—m, g)-term for m > 0 of their first pages, this can be written as
) (®5%))«: Coker 030 — HIR(S&T™Me 20, [x] = [¥(x)] if ¢ =m,
(D%))«: Ker R > HIR(za+me 50y x> [W(x)] ifg=m+1.

Recall that we have defined k(y 57) (.5 E 3 (6, Y ES @ 5) by the composition of the maps of (28). The
next result is a variant of Proposition 6.5 for spectral sequences.

Proposition 6.8 The following diagram commutes:

e G,
€ (&,6)
la‘,s’l Tk(s/.s/),(s,b‘)
<a
Erh’<a (qD(S/’&/))* <a
4 (&,8")
rh

This can be proved as Proposition 6.5 by taking (@:“8))* ¢ S FE (<“g) into consideration. We omit

the proof.

We use the spectral sequence E =% of Proposition 4.17. The above proposition and (46) immediately
implies the existence of the following morphism of spectral sequences.

Algebraic € Geometric Topology, Volume 25 (2025)
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Proposition 6.9 There exists a morphism of spectral sequences ®=%: E h<a _, F<a guch that, on the
(—m, q)-term for m > 0 of the first page,

<4 = Wy (EM=0)L = Coker i — (E<)L,, , = HR(22,%0) if g =m,
O =Wy - (E”““)l_m,q = Kerdi'® - (E<L,., =HRES.Zy) ifg=m+1.

This property of ®<¢: EM<4 — E<a implies a result on the compatible map ®<9: Hpm’<a — H; (0, K).
Proposition 6.10 ®=¢: ngh’“’ — H;(Q, K) is an isomorphism if p = 0 and a surjection if p = 1.

Proof By Lemma 6.7 and Proposition 6.9, ®=¢: (Erh’<“ )11,,% — (E<“)Il),q is an isomorphism if p+¢q <0
and a surjection if p +¢q = 1. Since E ,<a converges to H,"~% and E =% converges to H-%(Q, K), we
can apply Lemma 4.2 to prove the above assertion for ®=<4: H. ,Lh =4 5 HIY(Q, K). ad

On their limits of @ — oo, {®~%},cRr_ ,\#(k) induces an isomorphism
®: H(;h,<oo s Hgtring(Q’ K).

Combining with Proposition 6.3, we finally obtain the following result.

Theorem 6.11 As a unital R-algebra, Cord(Q, K; R) is isomorphic to Hgmng(Q, K).
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