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ON THE ASYMPTOTIC LINKING NUMBER
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ABSTRACT. We prove a theorem formulated by V. I. Arnold concerning a
relation between the asymptotic linking number and the Hopf invariant of
divergence—free vector fields. Using a modified definition for the system of
short paths, we prove their existence in the general case.

1. INTRODUCTION

The aim of the present article is to complete a proof of a theorem stated by
Arnold in [Arn, [ArK|. Let M be a closed oriented three-dimensional manifold
having the real cohomology of a three-sphere, i.e. H'(M) = H?(M) = 0. Let u be
a volume form on M. We consider two smooth vector fields X,Y on M which are
divergence—free with respect to pu, i.e. dixp = diyp = 0. Divergence—free vector
fields arise as magnetic fields or as the velocity vector field of an incompressible fluid.
This is actually the context where the Hopf invariant of divergence—free vector fields
was considered for the first time; cf. [Wol, [Mof]. It is defined as follows. Choose a
1-form nx with the property dnx = ixu. This is possible since H*(M) = 0. The
Hopf invariant of X,Y is given by the integral

/ nx Niyp .
M

The asymptotic linking number can be described as follows. First, fix a set %
containing exactly one oriented path having starting point p and end point ¢ for
every pair (p,q) of points of M. The set ¥ must have some additional properties;
the proof that it is always possible to choose such a set ¥ is the main achievement
of this paper. We thereby solve a problem which was apparently first noticed by
P. Laurence and that is discussed in [ArK] on p. 146. The same problem arises in
the work of Freedman and He (cf. [FH]) and is also solved by our construction.

For given periods [0, 7], respectively [0, 5], of time and starting points z,y one
considers the pieces of flow lines emerging from z, respectively y. After connecting
the end point of each of these pieces with the starting point using the corresponding
path in 3, one almost always gets two disjoint closed oriented curves in M. In this
case, they have a well defined linking number. The asymptotic linking number
Ax,y(z,y) is found by dividing the linking number of the two closed curves by
TS and letting 7" and S grow to infinity. The average linking number A(X,Y) is
defined to be the integral of Ax vy (z,y) over M x M.
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The theorem formulated by Arnold yields an interpretation of the Hopf invari-
ant of X,Y in terms of the asymptotic linking number, more precisely, the Hopf
invariant of X,Y equals their average linking number.

Recall that the classical Hopf invariant classifying continuous maps S% — S2 up
to homotopy can be interpreted as a linking number. Suppose f : % — S%is a
differentiable representative of the homotopy class [f] € 73(S5?) and p,q € S? are
regular values of f. Then the Hopf invariant of f is equal to the linking number of
f~1(p) and f~'(q); cf. [BTI.

The vector space of differential forms of degree k& will be denoted by QF; in the
case of compact support we will use Q%. Recall that if N is an arbitrary manifold;
a double form on N x M is a form on M taking values in the forms on N. Here,
one can interchange the roles of N and M; a double form on N x M can also be
considered as a form on N taking values in the forms on M.

2. LINKING FORMS

In this section, we define the linking number and the linking form. We give a
new proof for the existence of a linking form. The proof in [ArK] uses arguments
of a more homological type and requires that M has the integral homology of a
three—sphere. We use the theory of the Poisson equation on Riemannian manifolds.

The linking number of two closed oriented disjoint one-dimensional submanifolds
Ni,Ny C M can be defined as follows. For i € {1,2} choose disjoint tubular
neighborhoods W; of N; in M and representatives v; € Qg(Wz) of the Poincaré
duals of N; € W;. The extension of v; to the whole of M by zero will also be
denoted by v;. Since H?(M) = 0, we can choose 1-forms 7; such that dvy; = v;.

Definition 1. The linking number of N1, N is denoted by [k and defined by
lk(Nl,NQ) = / Y1 A Vg .
M

The linking number is independent of choices. The proof and the relation of
Definition [I] to other possible definitions of the linking number can be found in
[BT].

Definition 2. A linking form on M is a double form L on M x M such that for
any two disjoint closed oriented one—dimensional submanifolds N1, Ny of M the
equality

(1) lk(Nl,Ng):/ / L
Ny Nso
holds.

Example 1. We want to describe a linking form on R3. For this example, let x
be the usual cross—product of two vectors in R, and the standard inner product
on R3 will be denoted by (, ). If V € T,R? and W € TyR?, we define Lgs by

1 (VW x (z—y))

) Les(ViW) = 25

This double form is a linking form on R?; cf. [ArK].

We choose a metric on M which we will use in several constructions. Let *, , dy,
respectively d,,, denote the Hodge—+—operator, coderivative, respectively derivative,
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with respect to the second factor in M x M. Let the double form g be a fundamental
solution for A : Q*(M) — Q*(M). This means that for g € Q*(M), the form
¢ € Q*(M) defined by the integral

C(zx) = /EM B(y) A xyg(z,y)

solves the Poisson equation A( = 8. A fundamental solution exists if there are no
nontrivial harmonic forms on M. As the manifold M has the real cohomology of a
three—sphere, it meets this condition by the Hodge theorem. An explicit construc-
tion of g can be found in [deR]. The solution of the equation A = § is uniquely
determined if 3 has degree 1 or 2. In particular, if 8 € Q!(M) and ¢ solves A = 3,
then d¢ solves the Poisson equation with inhomogeneous part d3. The equality

3) / L d8) Asygla) =d [ B) Asg(ay)

yeM

follows. Both g and L = *ydy,g are smooth away from the diagonal in M x M.
The singularities of g, respectively L, on the diagonal are of order 1, respectively 2
(cf. [deR], p. 134). In particular both double forms are in L!. The proof that L is
indeed a linking form relies on the following property of L.

Lemma 2. For any 1-form w on M there is a function h such that
4) / dw(y) A *ydyg(z,y) = w(x) + dh(x) .
yeM

Proof. Let (M x M), denote the complement of an e—neighborhood of the diagonal
in M x M. Let § denote a smooth extension of g|(MxM) to the whole of M x M.

Since 9, and d, are formally adjoint we have

/ dw(y) A *ydyg(z,y) = / dw(y) A *ydyg(z,y) + O(e)
yeM yeEM

:/ ddw(y) A *yG(z,y) + O(e)
yeM

- / Awo(y) A gl y) — / d8o(y) A #yi(2,9) + O(E)
yeM

yeM
—l) —d [, mw ) +0()

The last equality is due to (@) and to the fact that g is a fundamental solution of
A. Let h be the integral in the second summand. Since € can be chosen to be
arbitrarily small we have proved the lemma. O

Theorem 3. The double form L = xydyg is a linking form on M.

Proof. Let € > 0. For i € {1,2}, let N; C M be disjoint one—dimensional submani-
folds. We denote the e—ball in R? by D2. Choose disjoint tubular neighborhoods
W; = N; x D? of N; such that the diffeomorphism is given by the geodesic ex-
ponential map restricted to the normal bundle of N; in M. Coordinates on Wy,
respectively Wa, compatible with this product decomposition will be denoted by
(p,a), respectively (q,b). As described in [BT|, we choose representatives of the
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Poincaré duals w; € Q2(W;) of N; such that for every p € W;

(5) / exp*w; =1.
{p}xD?

Since H2(M) = 0 we can choose a form 1 € Q!(M) satisfying dipy = w1 . Then by
Lemma [2 there is a function h with the property

lk(Nl,Ng) :/ m N\ wa
M

-/ ( / L (0) Ay a(a) dh(:c)) Aw(a)

The summand containing dh is zero by Stokes’s theorem. Since W; and Ws are
disjoint, we can treat g like a smooth form in this integral. The last expression is
therefore equal to

/ / w1((p @) A ws((9,8) A (xydyg((,0), (g, 0)) + Oe)) -
(p,a)eW1 J(q,b)eWs

Because of the special choice () of the Poincaré duals,

lk(Nl,Ng):/ / wydyg + O(e)
pEN1 JgEN>2

follows. This completes the proof because € > 0 can be arbitrarily small. O

3. SYSTEMS OF SHORT PATHS

For defining the asymptotic linking number, we need a specific way to get closed
curves from pieces of flow lines of X or Y. This will be achieved by closing up these
pieces by prescribed paths. The paths used for this purpose must have certain
properties described in Definition [l

As this definition is technical we first explain the meaning of some of the require-
ments. Integration over a path in ¥ is possible by (ii). The continuity condition in
(iil) ensures that all the integrals considered are measurable functions on M x M,
and the conditions (@), () and (8) guarantee that the system of short paths does
not contribute to the asymptotic linking number. Finally, property (iv) guarantees
that the short paths do not intersect either the flow lines of X and Y or the other
short paths too often.

Definition 3. A set ¥ of paths on M is a system of short paths if it has the
following properties:

(i) For any two points p,q € M there is a unique path o(p,q) € ¥ starting at
p and ending at q.
(ii) Each path in X is piecewise differentiable.
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(iii) The paths depend continuously on their endpoints almost everywhere. The

limits
. 1
© T’ISHEOO TS /¢>[0,T]z /U(wsy,y) =0
. 1
(7) T’ISHEOO T_S /‘7(¢T£C,$) /1/1[0,5]9 |L| -0
. 1
) S TS /awmc,x) /awsy,y) H=0

exist in the L'-sense.
(iv) The sets

SX,E = {(may) €M x M‘(b[O,T]x N U(wsyJJ) 7é (Z)} )
SZ,Y = {(xay) €M x M‘O’((Zﬁjﬁ[},iﬂ) N w[O,S]y # @} )
Sz ={(z,y) € M x M|o(¢rz,2) No(vsy,y) # 0}

have measure zero at any given time 7', respectively S.

Arnold’s original definition requires that the integrals appearing in (@), (@) and
(B) are uniformly bounded for T = S = 1 for almost all 2,y € M x M. The
intention of the following example is to illustrate a problem one encounters in this
case.

Example 4. Let p be a smooth function on R such that p = 0 outside of (1, 3) and
p >0 on (1,3) such that p(2) = 1. On R? we use cylindrical coordinates (r, @, 2).
Consider the vector field

¥ — p(eQ/zr)e_l/Z% if z >0,
0 if 2<0.

It is smooth and divergence—free with respect to the standard volume form rdr A
dp A dz on R3. At the origin it has a zero of infinite order. All flow lines of
X are periodic or degenerate. The period of orbits emerging from points with
2> 0,1 = 2e~2/* is 4wre~1/#. Hence for a smooth curve which is transversal to the
plane z = 29 > 0, the value of the integral in (@) for T'= S = 1 becomes arbitrarily
large if one chooses z = (26’2/20,g0,zo) and zg small enough, provided that the
curve is close enough to the z-axes.

Using our definition of a system of short paths we can prove their existence while
the remaining parts of the construction remain unchanged. This closes a gap in
the original proof of Arnold’s theorem found in [Arnl [ArK]. Our definition of the
system of short paths has the additional advantage that the system can be chosen
independently of X,Y; cf. [ArK].

Theorem 5. Let X be the set consisting of a geodesic of minimal length having
starting point p and ending point q for any p,q € M. Then X is a system of short
paths.

Proof. The set of paths X fulfills the conditions (i), (ii) and the continuity condition
in (iii) of Definition @ by construction. Let Fr g denote the function

1
A
o10,1m12 Y o (y,%sY)
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on M x M. To prove that ¥ has the properties (iii) of Definition B, we show first
that limy, Sﬁoo Fr s =0holds in the L'-sense. This corresponds to (). For y € M

define S (y {A € T,M|||A]| <1}. Let
9) f(a,y) = max {|L(X(z), A)[} .

Let r(x,y) denote the distance of two points z,y € M. By [deR], pp. 122 and 134,

there is a smooth double form o on M x M such that for V € T,M and A € T,M
we have
V,A
Lv,4) = 204

r(z,y)?
By the definition (@) of f we have

flz,y) = !

r(z,y) AeSl(y)

x {la(X(z), A)l}

and since « is a continuous double form, r(x,y)? f(x,y) is a continuous function on
M x M. Hence fxeM f(x,y)p is bounded above by a constant C' which does not
depend on y. Let vol(M) denote the volume of M with respect to the volume form
i, and the diameter of M is denoted by diam(M). The geodesics are parameterized
by s € [0,1], hence their velocity vector 6(¢sy,y)(s) is no longer than diam(M).
By Fubini’s theorem we find

IFrsl = [ = R Y
(z,y)eM x M TS dr0.m J o (VYsy,y)

_/( )MMTS/ / ‘L (¢ex), 6 (Vsy, y) S))‘dsdtu/\u
x,y)eMX

< —dlam /yeM/ / / f(¢ex, 0(Ysy,y)(s))p dt ds p

< TLS diam(M)C vol(M)T = § diam (M) vol(M)C' .
The last expression becomes arbitrarily small if S — co. This proves ([@). With an
analogous argument one can show (7). To prove (8) observe that the corresponding
integral in Example[[lremains bounded when two straight lines approach each other.
The same is true for geodesics on the Riemannian manifold M. The set ¥ meets
condition (iv) again by construction. O

The following theorem from ergodic theory will be needed. We only state a
version sufficient in our situation; much more general statements are true (cf. [Krel
Tem]).

Theorem 6. Let ¢, be flows preserving the volume form p on M and f an
L'—function on M x M. Furthermore, let (S,),(Ty) be sequences of positive real
numbers with lim,, T,, = lim,, S,, = co.

(i) The limit

Tn pSn

f(¢txa wsy) dS dt

n—oo

exists in the L' -sense.
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(ii) Let f be the limit function. Then

/ quu:/ funp.
M x M Mx M

We omit the proof which is standard using methods from [Ged] and [DuS]. The
Birkhoff ergodic theorem used in [Arnl, [ArK] implies that the limits exist in the
pointwise sense. (Additionally, in the theorem of Birkhoff the sequences T, and
Sy are required to be monotonous; cf. [Tem].) As the limits in Definition B are
supposed to exist in the L'— sense, Theorem [Bl is suitable.

4. ASYMPTOTIC LINKING NUMBER AND THE THEOREM OF ARNOLD

We now define the asymptotic linking number. To simplify notation we abbre-
viate o(¢rx, ) by or and o(¥sy,y) by os.

Definition 4. The asymptotic linking number Ax y is the limit function

. 1
Axy(@,y) = lim =elk(éonzUor, Po,s1yUos) -

The average linking number A(X,Y") is defined by
A(X,Y):/ AX,y A
MxM

Proposition 7. The limit in Definition [ exists in the L'-sense and does not
depend on the system of short paths. The limit function is integrable.

Proof. By property (iv) of the short path system, the linking numbers are almost
always well defined. Using the linking form and property (iii) in Definition B] we

find
(10) Axy(z,y) = lim L/ / L
7,800 T'S [0, T1xYUor Yo, 51yU0s
1 T /8
=l g [ [ L ). Y ) ds

The last limit exists by Theorem[6l This theorem also implies that the limit function
is L', just like the linking form L itself. Hence A is well defined. ]

We now give the definition of the Hopf invariant for divergence—free vector fields
on M. Since the forms ixu and iy u are closed and M has the real cohomology of
the three—sphere, these forms are exact. We can therefore choose 1-forms nx and
ny with the property that dnx = ixp and dny = iy p.

Definition 5. The Hopf invariant of X,Y is defined to be the integral

H(X,Y) :/ nx Niyp .
M

Proposition 8. The Hopf invariant of X,Y does not depend on the choice of nx.
Furthermore H(X,Y) = H(Y, X) and if Z is another divergence—free vector field
on M we have H(X,Y + Z) =H(X,Y) + H(X, Z).
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Proof. Let 1y be another 1-form with the property dny = dnx = ixp. Hence
nx — 1’y is closed. Since H'(M) = 0, we can choose a function f on M such that
df =nx — n'y. By Stokes’s theorem we find

[t =ty mivie= [ drnivi= [ atsivi=o.

M M M

Hence H(X,Y) is well defined. Choose a 1-form 7y such that dny = iy p. Since
dnx Any) =ixpAny —nx Nivp,

symmetry follows from Stokes’s theorem and the fact that 2—forms commute with
differential forms of any degree. The last statement follows from iy z)u = iy p +
iZM~ O

Now we are in a position to state and prove Arnold’s theorem. The proof is
analogous to the proof found in [Arnl [ArK], but the asymptotic linking number is
no longer defined as a pointwise limit but as a limit existing in the L!—sense.

Theorem 9. The average linking number of X,Y is equal to the Hopf invariant of
XY, ie.
AX)Y)=H(X,Y).

Proof. Recall that dnx = ixp and L = x,d,g. Using Lemma [l we find

H(X, Y) = / nx /\in
M

_ /xEM (</y€MiXu(y) A *ydyg(x,y)> - dh(x)) Nivi.

Because iy p is closed, the summand containing dh does not contribute to the
integral by Stokes’s theorem, hence

(11) HEXY) = [ LO6GY) ) )
xeM JyeM
By the second part of Theorem ] the right-hand side of (1)) is equal to

/(x,y)eMxM (T $o TS/ / X(dx),Y (¢sy)) ds dt) (@) A p(y)

and this is equal to A(X,Y) by ([Q). O
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